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5G NR allows two waveforms in uplink: DFT-S-OFDM and CP-OFDM. 
DFT-S-OFDM waveform is a preferred option for cell-edge scenarios since it has a lower PAPR characteristics and hence may allow an increased transmission power. For this waveform, the specification also allows usage of more robust MCS options (lower code rates and pi/2 BPSK modulation option). DFT-S-OFDM waveform usage is currently allowed only with single layer transmission and is typically targeted for cell edge UEs. 
CP-OFDM waveform is typically a default choice for most UEs located well within a cell’s radius. It is more spectrally efficient and allows multiple spatial layers. 
Different UEs may reside at different locations within a cell at different times and should ideally use different transmission waveforms according to the existing channel conditions (low SNR vs  mid/high SNR range). This in turn requires a practical way to provide dynamic switching between DFT-S-OFDM and CP-OFDM waveforms. 
In the current 5G NR specification, usage of DFT-S-OFDM waveform is indicated via an RRC parameter called transformPrecoder. Switching to DFT-S-OFDM and back to CP-OFDM scheme requires RRC reconfiguration of the relevant parameters. There are 4 different RRC parameters that are related to (or involved in) enabling/disabling transform precoding for different modes/types of PUSCH scheduling:
· transformPrecoder in pusch-Config
· transformPrecoder in configuredGrantConfig
· msg3-transformPrecoder
· msgA-TransformPrecoder-r16
As outlined in the WID, to enable efficient waveform adaptation in 5G NR, a new signaling mechanism for dynamic waveform reconfiguration is required.
The following options are identified for dynamic signaling of the waveform:
· Option 1: Dynamic MAC-CE based activation of the waveform. 
· UE is informed of the waveform type to use using MAC-CE signaling. Once the MAC-CE is received, the UE uses the indicated waveform type until the next MAC-CE that requests UE to switch waveforms. The MAC-CE signaling could apply to only DG-PUSCH or also apply to CG-PUSCH.
· Option 2: DCI-based explicit signaling of waveform type. 
· An explicit bit is introduced in scheduling DCI for DG-PUSCH to indicate the waveform type to use for that PUSCH transmission.
· An explicit bit is introduced in the activating DCI to indicate the waveform type to use with a particular Type 2 CG-PUSCH configuration that is being activated.
· Option 3: Implicit waveform switching based on a pre-determined rule.
·  For e.g., if the indicated MCS is below a threshold, then DFT-S-OFDM is used.

Before discussing the pros and cons of each of the options listed above, we take note of the following aspects in the current 5G-NR specification:

· A UE is provided separate MCS tables depending on whether transformPrecoding is enabled or not. In case the mcs-TableTransformPrecoder is absent, 64-QAM table is used by default.
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· When codebook-based PUSCH is configured, the field size for precoder indication (TPMI) depends on whether transform precoding is enabled or not. The codebook sizes are different, and this impacts the field size. If a UE does not know beforehand whether transform precoding is enabled or not, then the bit width of this field is ambiguous. DMRS sequence initialization and DMRS antenna port are other fields whose bit widths are dependent on whether transform precoding is enabled or not. Interpretation of some of these fields is also dependent on whether transform precoding is enabled or not.
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· A UE is provided separate DMRS configurations to use depending on whether transformPrecoding is enabled or not. This is provided via the IEs transformPrecodingDisabled and transformPrecodingEnabled in DMRS-UplinkConfig.
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· A UE may be configured with up to 12 configured grants (limited by maxNrOfConfiguredGrantConfig-r16) per BWP. Both Type 1 and Type 2 configurations are included, and each configuration is given a unique index given by ConfiguredGrantConfigIndex-r16.Activation or deactivation of a Type 2 configured grant references this index.

· For each of the configuredGrantConfigs provided to a UE, the gNB is allowed to independently determine whether transform precoding is enabled or not. Thus there can be a subset of configuredGrantConfigs where transformPrecoding is enabled, and another subset where it is not enabled. 
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· Logical channels are each configured with a set of allowed configuredGrantConfigs that can carry their corresponding payload. 

· For Type 1 CG-PUSCH, the UE is provided information on number of RBs, precoder, and number of layers via RRC. Some of these parameters may be fundamentally incompatible with a DFT-S-OFDM waveform.

· For Type 2 CG-PUSCH, TDRA, FDRA, number of layers, precoders, etc., are provided via the activating DCI while the waveform type is indicated via RRC.

Preferred Switching Mechanisms
Waveform switching for DG-PUSCH
It is in general observed that channel conditions do not change rapidly enough that the waveform type needs to be switched too frequently from one slot to another. Dedicating an explicit bit in the DCI for waveform switching seems wasteful when frequent switching is not expected. Further, an explicit parameter for dynamic switching will likely change the DCI size and additional effort may be necessary to align the DCI sizes across different formats. It might be prudent to avoid these complications. 
This then leaves us with either pursuing a MAC-CE based approach or devising a rule that would allow implicit switching of the waveform. Both approaches seem viable but come with some overhead/constraints. 
While MAC-CE-based approach allows full flexibility, it requires additional signalling from gNB to UE and has a certain finite latency between the switch takes effect. On the other hand, an implicit rule for switching could be executed with no additional signalling and incurs no additional overhead. The primary downside is that depending on the switching rule adopted, gNB may lose some flexibility. For e.g., if an MCS based threshold is set for switching waveforms, the gNB is then restricted to using just one type of waveform with any given MCS. The consequence of losing this flexibility requires further investigation. We suggest choosing one of these two options:

	Proposal 1: To enable dynamic waveform switching for DG-PUSCH, downselect one of the following two options:
· Option A: Dynamic MAC-CE based activation of the waveform. 
· UE is informed of the waveform type to use using MAC-CE signalling. Once the MAC-CE is received, the UE uses the indicated waveform type until the next MAC-CE that requests UE to switch waveforms. 
· Option B: Implicit waveform switching based on a pre-determined rule.
· For e.g., if the indicated MCS is below a threshold, then DFT-S-OFDM is used. 



Waveform switching for CG-PUSCH
Note that the current specification allows a UE to be configured with up to 12 configured grants per BWP. Further, the waveform type for each of these is configured individually. 
	Observation 1: A UE may be configured with up to 12 configured grants (limited by maxNrOfConfiguredGrantConfig-r16) per BWP. The waveform type for each of these configuration is set individually.



These observations, along with the ability to activate a Type 2 CG-PUSCH with the most preferred TDRA, FDRA, TPMI, etc., suggests that the gNB already has sufficient flexibility to switch waveforms. For example, if a particular active Type 2 CG-PUSCH configuration uses CP-OFDM and the gNB wishes to switch over to DFT-S-OFDM, the gNB has to merely activate another Type 2 CG-PUSCH that’s configured for DG-PUSCH and release the original active configuration. 
Further, for Type 1 CG-PUSCH, a simple waveform switch is not sufficient as other parameters such as number of RBs, or number of layers may not be compatible with the chosen waveform type, especially when switching from CP-OFDM to DFT-S-OFDM. Enabling waveform switching for Type 1 CG-PUSCH requires also configuring the UE with a new set of transmission parameters that are compatible with the new waveform.
Given these observations, we do not think it is critical to provide a means to dynamically switch waveforms for CG-PUSCH. If a clear benefit is identified, we suggest that the solution developed for DG-PUSCH be extended to CG-PUSCH without requiring any further changes to overall design framework. 
	Proposal 2: Prioritize enabling dynamic waveform switching for DG-PUSCH. If dynamic waveform switching is to be supported for CG-PUSCH, reuse the switching framework developed for DG-PUSCH.




Conclusion 
We make the following observations and proposals for dynamic switching between CP-OFDM and DFT-S-OFDM.

Observation 1: A UE may be configured with up to 12 configured grants (limited by maxNrOfConfiguredGrantConfig-r16) per BWP. The waveform type for each of these configurations is set individually.
Proposal 1: To enable dynamic waveform switching for DG-PUSCH, downselect one of the following two options:
· Option A: Dynamic MAC-CE based activation of the waveform. 
· UE is informed of the waveform type to use using MAC-CE signaling. Once the MAC-CE is received, the UE uses the indicated waveform type until the next MAC-CE that requests UE to switch waveforms. 
· Option B: Implicit waveform switching based on a pre-determined rule.
· For e.g., if the indicated MCS is below a threshold, then DFT-S-OFDM is used

Proposal 2: Prioritize enabling dynamic waveform switching for DG-PUSCH. If dynamic waveform switching is to be supported for CG-PUSCH, reuse the switching framework developed for DG-PUSCH. 
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- ConfiguredGrantConfig

‘The IE ConfiguredGrantConfig is used to configure uplink transmission without dynamic grant according to two possible schemes. The actual uplink grant may cither be
configured via RRC (iype) or provided via the PDCCH (addressed to CS-RNTI) (ype2). Multiple Configured Grant configurations may be configured in one BWP of a serving.

ConfiguredGrantConfig information element

Configuredsrantoontia sequence {
£requencyopping SuouERaTeD (intraslot, interslot] oerionaz,
cg-DuRS-Coniguration DuRs-UpLinkContig,
aca-Table ENUNERATED (qan256, qam64LoWSE) oerIonaz,
aca-TableTransforpracoder ENUNERATED (qam256, qam6dLowSE) oerIoNAL,
ei-onPuSCH Setuprelease | CG-0CT-OnPUSCH ) oerIoNaL,
resourceallocation EMONERATED ( resourcenllocationTyped, resourcellocationTypel, dynamicswitch ),
rbg-size BNUNERATED (config?) oprIoNaz,
owercontrolioopTouse ENOMERATED (n0, ni),
PO-PUSCi-Alpha P0-pUSCH-Alphasetid,
Cransformprecoder ENONERATED (enabled, disabled) oerionaz,
nrofiARG-Processes INTEGER (1..16),
repk ENONERATED (n1, n2, nd, n),
repK-RY BONERATED (170231, 820303, 3-0000) oerionaz,
periodicity EoERATED |

sym2, syml, symlxle, syn2eld, synixld, symSxld, syndxli, symlOxld, syml6xld, sym20xle,
Symiald, symdOxld, syméixii, synsOli, syml2exid, syml0xld, syn?Sexid, syni20xid, symsizeld,
Sym640x14, sym1024X14, sym1280x14, syn2SeO1d, syms120x1e,

symé, synixi2, syn2x12, syndxl2, SymSx12, symsxl2, syml0xi2, synl6x12, sym20x12, syi2«l2,
Smibxi2, symbixiz, symaOx12, symiZxi2, synl60xl?, sym2Sexiz, symizOxiz, symSlixlZ, symedlxi2,
syn1280x12, sym2560x12

configuredGrantriner INTEGER (1..64) ovrioNar,
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mcs-Table ENUMERATED {qam256, gqam64LowSE} OPTIONAL,
mes-TableTransformprecoder ENUMERATED {qam256, qam64LowSE} OPTIONAL,
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Precoding information and number of layers — number of bits determined by the following:
- Obis if the higher layer parameter txConfig = nonCodeBook;
- Obis for 1 antenna port and if the higher layer parameter txConfig = codebook:

- 4,5, or 6 bits according to Table 7.3.1.1.2-2 for 4 antenna ports, if txConfig = codebook, ul-
FullPowerTransmission is not configured or configured to fillpowerMode2 o configured to fullpower,
transform precoder is disabled, and according to the values of higher layer parameters maxRank, and
codebookSubset;

- 4ors bits according to Table 7.3.1.1.2-2A for 4 antenna ports, if txConfig = codebook, ul-
FullPowerTransmission = fillpowerModel, maxRank=2, transform precoder is disabled, and according to
the values of higher layer parameter codebookSubse;

- 4.or6 bits according to Table 7.3.1.1.2-2B for 4 antenna ports, if txConfig = codebook, ul-
FullPowerTransmission = fillpowerModel, maxRank=3 or 4, transform precoder is disabled, and according
to the values of higher layer parameter codebookSubset;
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DMRS-UplinkConfig information element

DMRS-UplinkConfig. SEQUENCE. {
amrs-Type ENUMERATED {type2) OPTIONAL, -
dmrs-AdditionalPosition ENUMERATED (pos0, posl, pos3) OPTIONAL,  --
phaseTrackingRS SetupRelease { PTRS-UplinkConfig } OPTIONAL, - N
maxLength ENUMERATED {len2) oPTIONAL, -
transormprecodingbisabled SEQUENCE {

‘scranblingIno INTEGER (0..65535) oPTIONAL, -
scramblingTpl INTEGER (0..65535) OPTIONAL, -
[
dmrs-Uplink-r16 ENUMERATED (enabled) OPTIONAL -
1
) OPTIONAL, - Need
transformPrecodingEnabled SEQUENCE {
nPUSCH-Identity INTEGER (0..1007) OPTIONAL, - Need S
sequenceGroupHopping ENUMERATED (disabled) OPTIONAL, - Need
sequenceHiopping ENUMERATED {enabled) OPTIONAL, - Need §
[
dmrs-UplinkTransformPrecoding-rl6  SetupRelease (DMRS-UplinkTransformPrecoding-r16) OPTIONAL - Need M
1
) OPTIONAL, - Need R

DMRS-UplinkTransformPrecoding-rl6 ::i= SEQUENCE (
Ppi2BESK-ScramblingID0 INTEGER (0. . 65535) OPTIONAL, - Need
pi28eSK-ScramblingIDl INTEGER (0. .65535) OPTIONAL - Need §





