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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#110-bis-e [1], the agreement on dynamic waveform switching for coverage enhancement was approved, which is given as follows. 
	Agreement
Dynamic waveform switching enhancement in R18 is only applicable to PUSCH channel.
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

Agreement 
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

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).



2. Discussion on dynamic waveform switching

2.1 Indication signaling
For potential options of dynamic waveform indication listed in the agreement above, Alt 2 has no tangible benefit but causes more specification impacts, e.g. increased DCI size and complicate effective timeline or priority rules in case that both UL DCI and DL DCI are received at the same time. Therefore, Alt 1 only is preferred. 
[bookmark: _Hlk114506090]Among potential options Alt 1-X, Alt 1-B, i.e., reusing existing field in scheduling DCI to indicate waveform switching, is more suitable than Alt 1-A, i.e.,  new field in scheduling DCI to indicate waveform switching. The reasons are given as follows. First, Alt 1-A could have bigger impact on specification. Specifically, introducing 1 bit in DCI enlarges the DCI size that may impact on DCI size alignment. Second, Alt 1-B is similar to current dynamic indication of number of PUSCH repetitions and seems better as it enables waveform switching with unchanged DCI size at cost of minor loss of flexibility. For example, the existing resource allocation signaling can enable waveform switching by associating the rows of time domain resource assignment (TDRA) table with different waveforms. In this case, one column is added to the TDRA table, which indicates the association relation between the rows of TDRA table and waveforms. It only results in a quite minor loss of flexibility for CP-OFDM, whose reason is given as follows. As discussed in Rel-17 TEI, e.g. in the proponent  paper R1-2109024, CP-OFDM waveform is configured in practical network while DFT-s-OFDM is rarely used, which implies that CP-OFDM can provide sufficient UL coverage now for absolute majority of UEs and DFT-s-OFDM is useful for some UEs with extreme low SINR. Considering that DFT-s-OFDM is typically used in very few situations, only a few rows need to be associated with DFT-s-OFDM and most rows can be associated with CP-OFDM. Thus, there is a quite minor loss of flexibility for CP-OFDM. Moreover, in Alt 1-B-2, another example is associating different waveforms with different types of frequency domain resource assignment (FDRA). In this case, considering that the DFT-S-OFDM is only used in continuous FDRA (resource allocation type 1) and CP-OFDM can be used in any type of FDRA (resource allocation type 0,1), the FDRA resource allocation type 0 and the FDRA resource allocation type 1 can be used to indicate waveform CP-OFDM and DFT-S-OFDM, respectively. Although, it restricts resource allocation type 0 to CP-OFDM only, but continuous RBs can still be scheduled for CP-OFDM with proper PRG allocation. 
As for the other options under Alt 1-B, adding one column to MCS table or setting MCS threshold utilize the characteristic of DFT-S-OFDM that low coding rate and low modulation orders are typically used for DFT-s-OFDM in power limited case, which is similar to the TDRA method. However, since the rows of MCS table are not RRC configurable, it restricts low MCSs only to DFT-s-OFDM and put unnecessary MCS limitation to CP-OFDM. Similarly, using the number and location of RBs to indicate waveform switching restricts CP-OFDM to onlysome RB patterns permanently, which degrades the flexibility of CP-OFDM severely. The remaining options have the same disadvantage.
Based on above discussion, the TDRA or FDRA methods in Alt 1-B should be supported as they has less specification impact than Alt 1-A.
Observation 1: For dynamic waveform switching, associating different waveforms with different rows of TDRA table or different types of FDRA has minimized specification impact and thus is preferred.
[bookmark: _Hlk113448937]Proposal 1: With the existing TDRA field in DCIs, one additional column in the TDRA table should be used to indicate waveform switching.
2.2 Waveform switching enhancements 
2.2.1 Power boosting report
The difference of maximum transmission power between two waveforms is typically varying among different UEs because it closely depends on UE implementation. For example, the maximum transmission powers of two waveforms are close to each other when UEs adopt the advanced techniques to reduce the PAPR of CP-OFDM, such as advanced Clipping [2][3]. When BS indicate UEs to switching waveform, BS should also allocate proper number of PRBs 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. Thus, BS has to estimate power boosting if it has no information about power boosting. The estimation accuracy is closely associated with the performance improvement of waveform switching. When BS 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 fulfill the required SINR for successful decoding. When BS estimates a smaller power boosting than that of UE, it could result in performance degradation of uplink data transmission as UE power is not fully utilized to transmit data. The performance degradation of waveform switching in both cases are illustrated in following figures.  
[image: ]
Figure 1: Illustration of different MCS and RB allocation strategy with and without power boosting information when UE switches its waveform from CP-OFDM to DFT-s-OFDM.  
From Figure 1, UE obtains power boosting by switching CP-OFDM to DFT-s-OFDM, while, BS still has to assign the original RB to UE as BS has no idea about the power boosting information of UE. It means that the power boosting brings no gain for throughput until BS knows the updated power headroom by PHR.
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Figure 2: Illustration of different MCS and RB allocation strategy with and without power boosting information when UE switch its waveform from DFT-s-OFDM to CP-OFDM.  
From Figure 2, we can see that, UE suffers power reduction when switches DFT-s-OFDM to CP-OFDM, BS would assign the original RB to UE as BS has no idea about the power reduction information. In this case, switching DFT-s-OFDM to CP-OFDM could result in the failure of data transmission.
Observation 2: Without the power boosting information between waveforms, the performance improvement of waveform switching degrades due to the inaccurate estimation of power boosting. 
To deal with this problem, UEs should report its power boosting information when BS transmits signaling to indicate it to switch waveform. 
Observation 3: It is beneficial for gNB to decide PRB allocation that UEs report power boosting information for waveform switching.
Proposal 2: To facilitate BS to allocate RBs more precisely, UE should report its power boosting information to BS in time.
2.2.2 PHR solutions
Since the available power boosting is closely associated with the transmission configuration, such as MCS and RB allocation, it is impossible that a fixed value reported to BS by UE could be suitable and useful for different scheduled slots. Thus, the power boosting information should be reported to BS in time when waveform switching is required. Considering specification impact and workload, reuse the existing power information reporting is necessary. Consequently, it is a good idea for UEs to reuse power headroom reporting (PHR) to report their power boosting information to BS. 
Observation 4: To minimize specification impact and workload, PHR can be reused to report power boosting information. 
While, considering that PHR period varies from 10ms to 1000ms, relying on PHR to report power boosting information is uncertain. It could result in a large performance degradation when PHR period is large, such like 1000ms. In this case, BS cannot make best use of power boosting to improve coverage performance, until about 500ms after waveform switching on average. It could make waveform switching meaningless. Reducing PHR period mitigates the impact of this problem, but increases all UEs’ PHR frequency which results in increased report cost. 
To deal with this problem, introducing new PHR trigger methods to report power boosting information to BS when it is necessary is the best way. There are two PHR trigger methods, including introducing 1bit signaling to trigger PHR before waveform switching determination and reusing waveform switching signaling to trigger PHR in time. The details are given as follows. 
The first method is illustrated in Figure 1 (a), when BS wants waveform switching for better coverage performance, it can indicate UE to report its power headroom that is computed based on the PCMAX of the switched-to waveform and the schedule information for the PUSCH conveying the PHR. It can help BS make waveform switching decision, determine resource allocation and transmission power to achieve waveform switching gain in the succeeding scheduled slots. The second method, i.e. PHR is triggered by waveform switching, is illustrated in Figure 1 (b), where UE computes PH normally and reports PHR to BS. It can help BS adjust resource allocation and control transmission power for UEs to achieve waveform switching gain quickly.
[image: ]
Figure 3: Illustration of different PHR trigger methods.

[bookmark: _Hlk117710355]Observation 5: Triggering PHR before waveform switching can help BS make waveform switching decision, allocate suitable resource and UE transmission power. 
Observation 6: Triggering PHR after waveform switching can help BS adjust resource allocation and UE transmission power for UEs quickly. 
Proposal 3: PHR should be triggered to report power boosting information to BS by new signaling or the waveform switching signaling. 
 

3. Conclusion
With the discussion above, we have the following observations and proposals.
Observation 1: For dynamic waveform switching, associating different waveforms with different rows of TDRA table or different types of FDRA has minimized specification impact and thus is preferred.
Observation 2: Without the power boosting information between waveforms, the performance improvement of waveform switching degrades due to the inaccurate estimation of power boosting. 
Observation 3: It is beneficial for gNB to decide PRB allocation that UEs report power boosting information for waveform switching.
Observation 4: To minimize specification impact and workload, PHR can be reused to report power boosting information. 
Observation 5: Triggering PHR before waveform switching can help BS make waveform switching decision, allocate suitable resource and UE transmission power. 
Observation 6: Triggering PHR after waveform switching can help BS adjust resource allocation and UE transmission power for UEs quickly. 

Proposal 1: With the existing TDRA field in DCIs, one additional column in the TDRA table should be used to indicate waveform switching.
Proposal 2: To facilitate BS to allocate RBs more precisely, UE should report its power boosting information to BS in time. 
Proposal 3: PHR should be triggered to report power boosting information to BS by new signaling or the waveform switching signaling. 
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