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Introduction
At RAN#96 meeting, a new Rel18 WI [1] on NR coverage enhancement was agreed to support dynamic switching between DFT-S-OFDM and CP-OFDM. At RAN1#110b-e meeting [2], the following working assumption and agreement were achieved. 
	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).


In this contribution, we share our further considerations on dynamic switching between DFT-S-OFDM and CP-OFDM [3].
Discussion
NR supports two types of uplink transmission waveforms: DFT-S-OFDM and CP-OFDM. DFT-S-OFDM waveform is beneficial for UL coverage limited scenario because of its lower Peak to Average Power Ratio（PAPR）compared with CP-OFDM waveform. The channel quality can be improved by increasing the transmission power of cell-edge UEs and achieve better coverage performance. CP-OFDM can provide higher spectral efficiency and targeted for the UEs with better channel state due to high PAPR.
In current specification, the waveform used in uplink is configured via RRC and cannot be dynamically switched. There are four different RRC parameters associated with transform precoding enabled/disabled for different types of PUSCH scheduling: transformPrecoder in pusch-Config, transformPrecoder in configuredGrantConfig, msg3-transformPrecoder in RACH-ConfigCommon, and msgA-TransformPrecoder-r16 in MsgA-PUSCH-Config [4]. Therefore, whether CP-OFDM or DFT-S-OFDM waveform is used for uplink transmission is determined by above RRC parameters, which cannot achieve flexible and effective uplink scheduling, due to switching between CP-OFDM and DFT-S-OFDM requires RRC reconfiguration. It means that waveform switching is quite slow.
In order to adapt to different channel quality and UE states, a dynamic waveform switching mechanism is needed. At RAN#110b-e meeting, options for the dynamic waveform indication in R18 were presented. In addition, the applicable channel and assistance information for dynamic waveform switching were also discussed. It is necessary to carry out further studies on the open issues, including the following five aspects:
· Dynamic waveform switching triggering 
· Target uplink channel
· Dynamic waveform switching indication 
· Waveform related configurations
· Maximal rank of DFT-S-OFDM
Dynamic waveform switching triggering 
First of all, it is important to figure out the switching condition for this feature. The gNB dynamically indicates the waveform according to PUSCH transmission conditions, including the channel quality, UL coverage, power usage, etc.
In NR, the gNB can measure the SRS and obtain the uplink channel status information. In current power headroom report (PHR), the UE can report the difference value between the current maximum transmit power and the estimated uplink transmission power to the network to assist the network in uplink scheduling. The current measurement and reporting can provide channel and power information to gNB, and gNB can make a decision whether to switch waveform. 
However, due to the power backoff difference between the two waveforms, the gNB should know the expected UE power backoff change before dynamic switching, which depends on the UE implementation and cannot be known by the gNB. The gNB can only make a rough estimation on the power changes after switching waveforms, which cannot represent the actual power level. Therefore, the other assistance information can be considered to help gNB to select more appropriate waveforms. In the existing PHR mechanism, type 1 power headroom report is based on an actual PUSCH transmission, which corresponds to the current transmission waveform. In order to provide more information to the gNB, the PHR of current transmission waveform and target waveform can be reported by UE. Alternatively, UE can report maximum transmission power of target waveform to assistant gNB determining waveform switching.
[bookmark: _Hlk48495068]Proposal 1. RAN1 to study the PHR enhancement framework to assist the gNB in determining waveform switching.
Target uplink channel
Before the RRC connection set up, gNB can only obtain partial information about the UE. The UE can report little information to the gNB. So the gNB cannot do proper and timely waveform switching decision. Besides, for the idle and inactive UE, it is not necessary to switch waveforms. Furthermore, there is little requirement for waveform switching when the demand for UE to transmit PUSCH is small. Only when the UE is in the connected mode, dynamic switching between DFT-S-OFDM and CP-OFDM can be studied.
Proposal 2. PUSCH transmission in RRC-connected can support dynamic waveform switching.
According to the agreement of the RAN1#110b-e meeting, dynamic waveform switching is applicable to PUSCH scheduled by DCI format 0_1 or 0_2 and PUSCH retransmission. However, the other types of PUSCH are not precluded in the current conclusion. Next, we share our views on other types of PUSCH.
PUSCH scheduled by DCI format 0_0
PUSCH scheduled by fallback DCI 0_0 has high requirement of robustness and only support the basic scheduling. It should be work well during the RRC reconfiguration, which may include the waveform information and would lead to misunderstanding between gNB and UE during the configuration phase if dynamic waveform switching is supported. Besides, fallback DCI formats support only single-layer transmission, resource allocation type 1 and DMRS configuration and DMRS port are fixed, which may impose scheduling restrictions. For DCI format 0_0, it has only mandatory fields, and new bit should not be added to the fallback DCI. Coverage is not a big issue for PUSCH scheduled by DCI format 0_0, considering it cannot support repetition transmission. Therefore, dynamic waveform switching is not applicable to PUSCH scheduled by DCI format 0_0.
Proposal 3. Dynamic waveform switching is not applicable to PUSCH scheduled by DCI format 0_0.
CG-PUSCH
For CG-PUSCH, there is no basis for dynamically switching waveforms. All parameters involved in the type 1 CG-PUSCH are configured via RRC and UE transmits PUSCH directly on configured resources without DCI activation signalling. Thus, for type 1 CG-PUSCH, all transmission related parameters cannot be dynamically changed, so dynamic waveform switching cannot be performed.
Some parameters of type 2 CG-PUSCH are configured via RRC, and then uplink transmission is activated by DCI with CRC scrambled by CS-RNTI. Once it is activated and the deactivation signalling is not received, the UE will always use the parameters indicated by the DCI for uplink transmission. If the waveform needs to be changed during transmission, other related parameters cannot be changed during the current DCI activation. In addition, there are multiple configured grants per BWP can be configured, where some with CP-OFDM while others with DFT-S-OFDM. Dynamic waveform switching can be achieved by deactivating one CG with CP-OFDM and activating the other CG with DFT-S-OFDM.
Therefore, dynamic waveform switching is not applicable to type 1 and type 2 CG-PUSCH.
Proposal 4. Dynamic waveform switching is not supported for CG-PUSCH initial transmission.
Msg 3 PUSCH and Msg A PUSCH
The cell-specific random-access parameters are specified by the high-level parameter RACH-ConfigCommon. The waveform of Msg3 PUSCH related to random access should be indicated by higher layer configured parameter msg3-transformPrecoder in RACH-ConfigCommon. During the initial access, gNB cannot obtain sufficient channel and power information to select the appropriate waveform. In addition, more standard effort is required to indicate UE capabilities during the initial access. The benefit is not clear compared to Msg3 PUSCH repetition and PUSCH retransmission. Thus, it is not necessary to use dynamic waveform switching for Msg3 PUSCH. 
Similarly, for Msg A, it is enough to determine the waveform according to the current configuration of high-level parameters msgA-TransformPrecoder-r16. 
Proposal 5. Dynamic waveform switching is not supported for Msg 3 PUSCH and Msg A PUSCH.
[bookmark: _GoBack]Based on the above analysis, except for the PUSCH type that was agreed in last meeting, we do not support any other types of PUSCH. 
Dynamic waveform switching indication 
At RAN1#110b-e meeting, two options for the dynamic waveform indication were proposed:
· Alt 1: indication from an UL scheduling DCI 
· Alt 2: indication from a non-UL scheduling DCI
Indication from an UL scheduling DCI 
For Alt 1, several options are listed below:
· 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
· 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
Alt 1-A is the most straightforward and simplest way to introduce 1 bit to indicate CP-OFDM or DFT-S-OFDM to be used for PUSCH, which has low specification effort, low latency and can maintain scheduler flexibility. Another option of explicit indication is option Alt 1-B-1. There is no overhead from additional field compared with Alt 1-A. It is possible to indicate waveform by add one column to TDRA table. However, in current specification, the MCS table are very fixed and already associated with waveforms. Add one column to MCS table(s) to indicate the waveform is not reasonable. The goal of MCS selection is to select higher-order modulation mode and higher coding rate as much as possible to improve the channel throughput by adjusting MCS table and MCS index when the channel quality and target BLER are determined. Adding a column to the MCS table to indicate the waveform will limit the indication range of the MCS. The flexibility of the two waveforms on MCS is greatly reduced.
Observation 1. Explicit indication by add one column to MCS table(s) is unreasonable.
For Alt 1-B-2, it is not as flexible as Alt 1-A and Alt 1-B-1. Implicit indication from condition(s) on scheduling information limits scheduling flexibility. For example, if RA type or MCS below threshold can be selected as condition of implicit indication, CP-OFDM cannot be used with continuous frequency resource allocation or low MCS. If implicit indication by the number of layers or the number of DMRS CDM group(s) without data, gNB cannot schedule rank 1 or DMRS configuration type 1 to the UE with CP-OFDM waveform. However, all conditions applicable to DFT-S-OFDM are also applicable to CP-OFDM. Thus, Alt 1-B-2 may not be suitable for switching from DFT-s-OFDM to CP-OFDM because the latter can have more flexibility. 
For location of RB allocation within carrier, there is no difference in MPR between outer/edge regions and inner RB region when higher order modulation is applied. Therefore, it is not appropriate to use the location of RB as an implicit indication condition. 
The number of PUSCH repetition also be listed as a condition in working assumption of RAN1#110b-e meeting. For example, the DFT-S-OFDM waveform is used when the number of repetitions is higher than the threshold. However, scheduling much repetition and power-limited waveforms may not be a practical scenario. There is no need to bind PUSCH repetition transmission and dynamic waveform switching.
There is no obvious relationship between SRI and waveforms. It is unreasonable to impose some rules mechanically for the purpose of implicitly indicating waveforms.
Even condition over multiple types of scheduling information, the scheduling flexibility of the gNB will still be limited. The gNB needs to take all these conditions into account in order to select the appropriate waveform, which may lose the meaning of dynamic waveform switching. These condition(s) indirectly become trigger conditions of waveform switching and force the gNB to indicate waveform switching based these conditions, even in scenarios where waveform switching is not required.
Observation 2. Implicit indication limits the flexibility of gNB scheduling.
Proposal 6. New field or explicit indication by adding one column to TDRA table is supported.
In last meeting, someone argued that the indication command could not be included in scheduling DCI and may from a previous DCI. Thus, the size and fields of DCI format 0_0 will not be changed. As mentioned above, the reason why we do not support this case is not just the DCI size. Thus, the UL scheduling DCI should contain the waveform indication, which is reasonable and straightforward.
Proposal 7. The UL scheduling DCI should contain the waveform indication.
Regarding whether the indication also applies to subsequent transmissions, we do not support it. As described above, PUSCH scheduled by DCI format 0_0 and CG PUSCH cannot be included in the scope of the target waveform. Thus, the indication in DCI format 0_1 or 0_2 can not be used to indicate subsequent transmissions. The UL scheduling DCI indicates only the waveform of current scheduled PUSCH.
Proposal 8. The indication from an UL scheduling DCI is not applied to subsequent transmissions.
Both RNTI and Search space have no obvious relationship with waveform. Thus, RNTI and Search space should not be used as a condition for an indication to take effect. Regarding new field or reusing existing field in scheduling DCI to indicate waveforms are only used for some specific PDCCH occasion, it needs further discussion. For example, the new field is enabled only in certain PDCCH occasion. Otherwise, the new field does not exist. It may tackle the overhead drawback of the Alt 1-A, but it is difficult to define such specific PDCCH occasion. Specify certain PDCCH occasion can also need lots of standard effort.
Proposal 9. Indication applies only for specific PDCCH occasions can be further studied.
DCI size alignment 
The lengths of some fields in the UL scheduling DCI are related to the waveform configuration, mainly including the precoding information and the layer number field, the PTRS-DMRS association field, and the antenna port field. When the UL scheduling DCI is used to dynamically indicate the waveform, the DCI size may be misaligned under different waveform configurations. Thus, either align each of the fields associated with the waveform, or align the total DCI for different waveform configurations can be implemented. 
Proposal 10. The DCI sizes in different waveform configurations need to be aligned.
Indication from a non-UL scheduling DCI 
For Downlink DCI, it is supplementary indication method for CG PUSCH and PUSCH scheduled by DCI format 0_0. For PUSCH scheduled by DCI format 0_1 and 0_2, it is not necessary to indicate the waveform by non-UL scheduling DCI. It is unreasonable and meaningless. As mentioned above, we do not support other types of PUSCH, so using non-UL scheduling DCI to indicate the waveform is not necessary. 
In addition, it is may be more complex than using scheduling DCI. It requires additional effort compared to only supporting the UL scheduling DCI. Without scheduling DCI, the UE cannot know the application time of waveform switching, which needs to be defined. Indication from a non-UL scheduling DCI complicates UE behavior and increases switching latency. There is no need to introduce new indication method just to support CG PUSCH or PUSCH scheduled by DCI format 0_0. A unified and simple solution for all cases is preferred.
Even if the waveform of CG-PUSCH or PUSCH scheduled by DCI format 0_0 can be indicated by DL DCI, the parameters associated with the waveform may not be compatible with the waveform indicated by DL DCI. Thus, dynamic waveform switching indicated by DL DCI is not suitable. 
Observation 3. Indication from downlink DCI will introduce additional complexity and specification impact.
For UE-group common DCI (GC-DCI), it can indicate uplink transmission waveform information for a group of UEs. Each UE determines the location of its own indicator information based on the configuration parameters. When multiple configured grant resources are configured in a cell, the uplink transmission waveform information of each CG resource also need to be indicated by GC-DCI. Besides, it is need to define an applied time of waveform switching for each UE. The transmission waveform is mainly determined by UE states, indicating the waveform by GC-DCI will lead to a large signalling overhead. Moreover, it requires a new DCI format and has a greater impact on the specification. Thus, it is difficult to dynamically indicate the waveform by GC-DCI.
Observation 4. Introducing a new GC-DCI may add large overhead and have a great impact on the specification.
Proposal 11. Indication from a non-UL scheduling DCI is not supported.
Waveform related configurations
MCS table
In current specification, the MCS table is strongly correlated with the waveform. The UE shall use the MCS table for PUSCH without transform precoding (CP-OFDM) and use another MCS table for PUSCH with transform precoding (DFT-s-OFDM). When DFT-S-OFDM and CP-OFDM waveforms are dynamically switched, the MCS table should be switched as the waveform is switched. Therefore, mcs-Table and mcs-TableTransformPrecoder can be configured by RRC at the same time. When waveform switching occurs, the corresponding MCS tables are used. 
Proposal 12. The MCS table should be alignment with the switched waveform.
Frequency resource allocation
Uplink frequency domain resource allocation type 0 is supported for PUSCH only when transform precoding is disabled, while type 1 is supported for PUSCH for both cases when transform precoding is enabled or disabled. If the configured resource allocation type is type 0, the waveform can only be CP-OFDM and cannot be dynamically switched to DFT-S-OFDM. Thus, the frequency domain resource allocation type should match the waveform. The gNB needs to ensure that type 0 resource allocation is not used for DFT-S-OFDM. There are two resource allocation configurations, one for CP-OFDM and the other for DFT-S-OFDM. Alternatively, frequency domain resource allocation type also can be dynamically indicated by scheduling DCI.
Proposal 13. The frequency domain resource allocation type should match the waveform.
Maximal rank of DFT-S-OFDM
Regarding for the multi-layer DFT-S-OFDM, there is no use-case to use it because dynamic switching is supported. If it is for spectrum efficiency, CP-OFDM can be used instead because rank >1 already supported by CP-OFDM. It would be redundant to support both multi-layer DFT-S-OFDM and dynamic waveform switching. Besides, multi-layer DFT-s-OFDM has unclear performance gain and large specification impacts. Thus, there is no need to support multi-layer DFT-S-OFDM.
Proposal 14. It remains rank 1 PUSCH only with DFT-s-OFDM.
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Conclusion
In this contribution, we have the following observations and proposals:
Observation 1. Explicit indication by add one column to MCS table(s) is unreasonable.
Observation 2. Implicit indication limits the flexibility of gNB scheduling.
Observation 3. Indication from downlink DCI will introduce additional complexity and specification impact.
Observation 4. Introducing a new GC-DCI may add large overhead and have a great impact on the specification.
Proposal 1. RAN1 to study the PHR enhancement framework to assist the gNB in determining waveform switching.
Proposal 2. PUSCH transmission in RRC-connected can support dynamic waveform switching.
Proposal 3. Dynamic waveform switching is not applicable to PUSCH scheduled by DCI format 0_0.
Proposal 4. Dynamic waveform switching is not supported for CG-PUSCH initial transmission.
Proposal 5. Dynamic waveform switching is not supported for Msg 3 PUSCH and Msg A PUSCH.
Proposal 6. New field or explicit indication by adding one column to TDRA table is supported.
Proposal 7. The UL scheduling DCI should contain the waveform indication.
Proposal 8. The indication from an UL scheduling DCI is not applied to subsequent transmissions.
Proposal 9. Indication applies only for specific PDCCH occasions can be further studied.
Proposal 10. The DCI sizes in different waveform configurations need to be aligned.
Proposal 11. Indication from a non-UL scheduling DCI is not supported.
Proposal 12. The MCS table should be alignment with the switched waveform.
Proposal 13. The frequency domain resource allocation type should match the waveform.
Proposal 14. It remains rank 1 PUSCH only with DFT-s-OFDM.
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