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1. Introduction
An updated WI [1] to support NR operation above 52.6 GHz up to 71 GHz was endorsed in RAN#90-e and contains the following objectives related to PDSCH/PUSCH enhancements.
	· [bookmark: _Hlk58583563][bookmark: _Hlk26996217]In addition to 120 kHz SCS, specify new SCS, 480kHz and 960kHz, and define maximum bandwidth(s), for operation in this frequency range for data and control channels and reference signals, only NCP supported. 
· Time line related aspects adapted to 480 kHz and 960 kHz, e.g., BWP and beam switching timeing, HARQ timing, UE processing, preparation and computation timelines for PDSCH, PUSCH/SRS and CSI, respectively. 
· Support enhancements for multi-PDSCH/PUSCH scheduling and HARQ support with a single DCI
· Note: coverage enhancement for multi-PDSCH/PUSCH scheduling is not pursued
· Evaluate, and if needed, specify the PTRS enhancement for 120 kHz SCS, 480 kHz SCS and/or 960 kHz SCS, as well as DMRS enhancement for 480 kHz SCS and/or 960 kHz SCS.



In this contribution, we discuss and provide views on maximum bandwidth for 480 kHz and 960 kHz SCSs, multi-PDSCH/PUSCH scheduling, reference signals including PT-RS, and time line related aspects adapted to each of 480 kHz and 960 kHz SCSs, to support NR in high frequency range from 52.6 GHz to 71 GHz (simply denoted as “FR-X” hereafter).
[bookmark: _GoBack]
2. Maximum bandwidth for 480 kHz and 960 kHz SCSs
	Agreement:
For NR system operating in 52.6 GHz to 71 GHz, 
· NR should be designed with maximum FFT size of 4096 and maximum of 275RBs per carrier;
· Candidate supported maximum carrier bandwidth(s) for a cell is between 400 MHz and 2160 MHz;
· If subcarrier spacing 240 kHz or below are supported, NR in 52.6 to 71 GHz is expected to use normal CP length only (does not have any implications on whether ECP is supported for the higher subcarrier spacings, if supported).


Based on the above agreement made in RAN1#102-e [2], up to 1.6 GHz bandwidth can be supported for 480 kHz SCS considering maximum of 275 RBs per carrier and up to 2.16 GHz bandwidth can be supported for 960 kHz SCS considering IEEE 802.11ad and 802.11ay channelization.

Proposal #1: For 480 kHz SCS and 960 kHz SCS, 1.6 GHz and 2.16 GHz are supported as maximum bandwidth, respectively.

3. Multi-PDSCH/PUSCH scheduling and HARQ operation
It would be efficient to schedule multiple PDSCHs/PUSCHs for a BWP via a single DCI, at least for the case where slot-group level PDCCH monitoring occasions are configured as explained in [3]. In this section, we discuss multi-PUSCH scheduling with a single UL DCI, multi-PDSCH scheduling with a single DL DCI, and corresponding HARQ operation.

· Multi-PUSCH scheduling with a single UL DCI
Multi-PUSCH scheduling DCI design introduced for NR-U can be used as the starting point to minimize specification impact, as follows:
· Use of DCI format 0_1
· Time domain resource assignment (TDRA): TDRA table is extended such that each row indicates up to 8 multiple PUSCHs (continuous in time-domain). Each PUSCH has a separate SLIV and mapping type. The number of scheduled PUSCHs is signalled by the number of indicated valid SLIVs in the row of the TDRA table signalled in DCI.
· NDI and RV: Separate indication per PUSCH, but 1 bit RV per PUSCH if multiple PUSCHs are scheduled
· HARQ process number: HARQ process ID is incremented by 1 (staring from the HARQ ID value indicated in DCI) for subsequent PUSCHs in the scheduled order (with modulo operation, if needed).
· CSI request: When a DCI schedules M PUSCHs, the PUSCH that carries the aperiodic CSI feedback is determined as M-th scheduled PUSCH for M <= 2, or (M-1)-th scheduled PUSCH for M > 2.
· CBGTI and UL-SCH indicator: CBGTI and UL-SCH indicator fields are not present when more than one PUSCHs are scheduled, but present when a single PUSCH is scheduled.
· Total payload size: The payload size of DCI format 0_1 is determined based on the largest between the DCI size scheduling one PUSCH and the DCI size scheduling multiple PUSCHs, based on the configured TDRA table.

In addition to above aspects, at least followings can be further considered.
· Flexibility on TDRA: Considering LBT-exempt operation, enabling of scheduling non-contiguous PUSCHs in time domain can be beneficial.
· URLLC related fields such as priority indicator or open loop power control parameter set indication: Treating all of scheduled PUSCHs as high priority may lead to dropping multiple low priority UL channels.
· Beam indication of multiple scheduled PUSCHs: The benefit of multi-beam transmissions where each transmission contains individual TB should be first identified.

Proposal #2: Consider Rel-16 multi-PUSCH scheduling DCI as starting point, with the following further discussion points.
· Whether/how to provide more flexibility for time domain resource allocation, e.g., non-contiguous PUSCHs in time domain
· How to apply URLLC related fields such as priority indicator or open loop power control parameter set indication for multiple scheduled PUSCHs
· Whether/how to indicate different transmission beams for multiple scheduled PUSCHs

· Multi-PDSCH scheduling with a single DL DCI
On the aspect of whether new DCI format is needed or not as multi-PDSCH scheduling DCI, one of legacy non-fallback DCI format would be sufficient, similar to multi-PUSCH scheduling DCI. Therefore, without introducing new DCI format, DCI format 1_1 is used for scheduling multiple PDSCHs by a single DCI.

Proposal #3: Do not introduce new DCI format and use DCI format 1_1 to schedule multiple PDSCHs with a single DCI.

For the details of each DCI field, the similar approach with multi-PUSCH scheduling DCI can be applied at least to the following fields:
· Time domain resource assignment (TDRA): TDRA table is extended such that each row indicates up to 8 multiple PDSCHs. Each PDSCH has a separate SLIV and mapping type. The number of scheduled PDSCHs is signalled by the number of indicated valid SLIVs in the row of the TDRA table signalled in DCI. However, whether multiple PDSCHs should be contiguous in time domain or not needs to be further discussed.
· NDI and RV: Separate indication per PDSCH, but FFS on how to compress them for 2-TB case
· HARQ process number: HARQ process ID is incremented by 1 (staring from the HARQ ID value indicated in DCI) for subsequent PDSCHs in the scheduled order (with modulo operation, if needed).
· CBGTI: CBGTI field is not present when more than one PDSCHs are scheduled, but present when a single PDSCH is scheduled.

In addition to above fields, further discussion on signalling methods for the followings is needed.
· Rate matching indicator and ZP-CSI-RS trigger: Whether to apply rate matching resource or ZP-CSI-RS to all or part of scheduled PDSCHs (e.g., the first PDSCH)
· TCI: The benefit of multi-beam transmissions where each transmission contains individual TB should be first identified.
· CBGFI: Whether to apply similar method with CBGTI or not
· Priority indicator: Treating all of scheduled PDSCHs as high priority may lead to dropping multiple low priority DL channels.

Proposal #4: For multi-PDSCH scheduling with a single DCI,
· Time domain resource assignment (TDRA): TDRA table is extended such that each row indicates up to 8 multiple PDSCHs. Each PDSCH has a separate SLIV and mapping type. The number of scheduled PDSCHs is signalled by the number of indicated valid SLIVs in the row of the TDRA table signalled in DCI. 
· FFS on whether/how to provide more flexibility for time domain resource allocation, e.g., non-contiguous PDSCHs in time domain
· NDI and RV: For 1-TB case, separate indication per PDSCH, but 1 bit RV per PDSCH if multiple PDSCHs are scheduled
· FFS for 2-TB case
· HARQ process number: HARQ process ID is incremented by 1 (staring from the HARQ ID value indicated in DCI) for subsequent PDSCHs in the scheduled order (with modulo operation, if needed).
· CBGTI: CBGTI field is not present when more than one PDSCHs are scheduled, but present when a single PDSCH is scheduled.
· FFS on the following fields
· Rate matching indicator
· ZP-CSI-RS trigger
· TCI
· CBGFI
· Priority indicator

· HARQ operation
A DCI scheduling PDSCH needs to indicate when and where UE should transmit the corresponding HARQ-ACK information. The timing when UE transmits HARQ-ACK and the PUCCH resource where UE conveys HARQ-ACK are indicated by PDSCH-to-HARQ_feedback timing indicator and PUCCH resource indicator, respectively. If the DCI can schedule multiple PDSCHs, it should be determined whether a single PUCCH resource/timing is indicated or multiple PUCCH resource/timing corresponding to each PDSCH need be indicated by the DCI. In order to prevent from reserving multiple PUCCH resources spanning to multiple slots and with consideration of DAI signalling overhead for the case configured with Type-2 HARQ-ACK codebook, it would be desirable to indicate a single PUCCH resource and multiplex corresponding multiple HARQ-ACK bits on the indicated single PUCCH if the DCI schedules more than one PDSCHs. Especially to HARQ-ACK feedback timing, it can be determined based on the last PDSCH, similar to slot aggregated PDSCH case.

Proposal #5: For a DCI scheduling multiple PDSCHs, a single PUCCH resource is indicated by PUCCH resource indicator and corresponding multiple HARQ-ACK bits are multiplexed on the indicated single PUCCH, where HARQ-ACK feedback timing is determined by applying PDSCH-to-HARQ_feedback timing indicator from the last scheduled PDSCH.

For type-1 (i.e., semi-static) HARQ-ACK codebook construction, it should be considered that a row index of TDRA table can correspond to multiple SLIVs over multiple slots. In the simple example as shown in Figure 1, it is assumed that TDRA table is configured with a single row index 0 that corresponds to two SLIVs each of which would be mapped in different slots, and HARQ-ACK feedback timing (i.e., K1 slots) is provided with a single value, i.e., K1=2. For this case, the current type-1 HARQ-ACK codebook that will be contained in slot N PUCCH may be constructed with HARQ-ACK bit only for PDSCH#2 (corresponding to the configured K1 value) and not include HARQ-ACK bit for PDSCH#1 if K1 is determined based on the last slot N-2 PDSCH#2 since the slot with PDSCH#1 doesn’t correspond to the configured K1 value. Therefore, it should be discussed how to include HARQ-ACK bits corresponding to the PDSCH occasions (scheduled by multi-PDSCH scheduling DCI) not corresponding to the configured K1 value.

[image: ]
Figure 1. Example of type-1 HARQ-ACK codebook construction

Proposal #6: It should be discussed how to construct type-1 (i.e., semi-static) HARQ-ACK codebook, in term of including/generating HARQ-ACK bits corresponding to multiple SLIVs over multiple slots configured in a row index of TDRA table.

For (enhanced) type-2 HARQ-ACK codebook, it should be discussed how to signal C-DAI and T-DAI in terms of counting DAI values. Considering increased DCI overhead in case DAI is counted per PDSCH, it is proposed that DAI counting is performed per DCI even though that DCI can schedule multiple PDSCHs. If the DAI is counted per DCI but a UE missed a DCI that might have scheduled multiple PDSCHs, the UE may have an ambiguity on how many HARQ-ACK bits correspond to the DCI. Therefore, to resolve this ambiguity issue, the number of HARQ-ACK bits corresponding to the DCI should be equal to the maximum number of PDSCHs that the DCI can schedule, regardless of the number of PDSCHs that the DCI actually schedule. Even though this approach can figure out UE’s ambiguity on HARQ-ACK payload size, HARQ-ACK payload size can be significantly increased since the number of HARQ-ACK bits corresponding to a DCI that can schedule multiple PDSCHs is always equal to the maximum number of schedulable PDSCHs. One way to reduce HARQ-ACK payload size in addition to resolve UE’s ambiguity issue, is to introduce separate HARQ-ACK sub-codebooks where one is for single PDSCH scheduling case and the other is for multi-PDSCH scheduling case. In this case, DAI counting is performed for each sub-codebook and HARQ-ACK payload size can be reduced since a DAI corresponds to only one bit in the sub-codebook for single PDSCH scheduling case. For the case of carrier aggregation, the number of HARQ-ACK bits corresponding to a multi-PDSCH DCI in multi-PDSCH sub-codebook can be determined based on the maximum schedulable PDSCHs across carriers. For UL DAI, UL grant should include DAI values for each sub-codebook to avoid misbehaviour on UL-SCH mapping.

Proposal #7: For (enhanced) type-2 HARQ-ACK codebook,
· Introduce independent sub-codebooks where one is for single PDSCH scheduling case and the other is for multi-PDSCH scheduling case
· Perform C-DAI and T-DAI counting per DCI and per each sub-codebook
· Include individual UL DAI for each sub-codebook in UL grant
· FFS: If CBG is configured

4. PT-RS enhancements
It is well-known that one of the key challenges to support NR in FR-X is a phase noise that causes severe inter-carrier interference (ICI) and may prohibit the operation of spectrally efficient higher order modulations without a specific phase tracking and ICI compensation algorithms. 
To confirm the need for PT-RS enhancements, some evaluations were performed according to the assumptions listed in Appendix Table 1. The PT-RS pattern defined in Rel-15 was assumed for phase tracking. The CPE only compensation and ICI compensation were compared for 120 kHz, 480 kHz and 960 kHz SCSs. For the ICI compensation algorithm, we consider direct de-ICI filtering in [4] with 3 or 5 taps according to SCS.
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Figure 2. Performance comparison of CPE only vs. ICI compensation (TDL-A, 5ns DS)
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Figure 3. Performance comparison of CPE only vs. ICI compensation (TDL-A, 10ns DS)
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Figure 4. Performance comparison of CPE only vs. ICI compensation (TDL-A, 20ns DS)
In Figures 2, 3 and 4, firstly, it can be observed that CPE only compensation at high MCS (i.e., 64-QAM) shows a performance degradation for 120 kHz SCS. But, it can also be observed that performance gap could be reduced with ICI compensation. In addition, it is noted that ICI compensation still suffers from residual ICI for all SCSs at high MCS performance. 
Observation #1: ICI compensation is required at least for 120 kHz SCS to reduce the performance degradation at high MCS.
Observation #2: The performance gap between the absence of phase noise (PN) and the PN compensation is still observed (about 1 dB at 10% PDSCH BLER) for all SCSs, where phase noise compensation is performed with the least-square (de-ICI filtering) or CPE only compensation.

From these observations, PT-RS enhancement seems to be helpful to further improve performances.
Proposal #8: PT-RS enhancements can be further considered for all SCSs and high MCS (e.g., 64QAM). 

5. Time-line related aspects for 480 kHz and 960 kHz SCSs
In this section, we discuss and provide our views on two different timeline related aspects. First, we discuss the additional time margin for PDSCH processing, and then the potential enhancement to CPU availability check.

· Additional time margin for PDSCH processing capability (i.e., N1 symbols)
Through several meetings during SI period, it was confirmed that the effect of phase noise in PDSCH reception could be seriously negative and ICI compensation might be necessary for performance enhancement in FR-X. Especially, as observed in Figures 2, 3, and 4, PDSCH reception performance using high MCS for 120 kHz SCS may be seriously deteriorated, and thus the UE would have to compensate for ICI with the help of, for example, de-ICI filtering or a new PT-RS pattern. Due to the use of additional signal processing in UE for ICI mitigation, additional time margin would be required to timeline requirement for PDSCH processing and HARQ-ACK preparation. In this regard, whether ICI mitigation is required or not may be determined according to the SCS configured for UE. For instance, in the case of a 120 kHz SCS, ICI compensation is required, and in the case of a 960 kHz SCS, it may not be necessary. Similarly, for the MCS, the amount of signal processing required by the receiver may be different depending on the case of QPSK/16QAM and the case of using an MCS of 64QAM or higher. For this reason, it should be investigated that the time required for PDSCH processing for ICI compensation requires an additional time margin. 

Proposal #9: Consider additional UE PDSCH processing procedure time (i.e., N1 symbols) when UE is required to perform both of CPE and ICI compensation, e.g., for 120 kHz SCS and 64 QAM. 

· CSI processing unit (CPU) availability check for multiple numerologies across active BWPs in different component carriers
New SCSs 480 kHz and 960 kHz are newly introduced for FR-X, and the OFDM symbol length for each SCS is very short, about 2.2 usec and 1.1 usec. These may be a burden for UE to check the CPU occupancy in unit of symbol. Given these shortened symbol lengths, symbol-group level processing instead of symbol-by-symbol processing could be beneficial with respect to simplified UE implementation and potential power consumption reduction. 
Currently, the CSI processing criteria on how to check the CPU availability with CSI computation delay requirements is defined in 38.214. When a UE is configured to process CSI reports, each report is allocated to one or multiple available CPU(s). If there are not enough CPUs available due to that the UE is already processing other CSI reports, the CSI reporting for which required CPUs are not allocated does not have to be calculated/updated by the UE. In addition, if a UE is configured to process multiple CSI reports with different numerologies, the processing time would be different depending up on the corresponding numerologies for each CSI report. In other words, CPU occupancy time for high SCS such as 960 kHz is relatively shorter than that of low SCS like 120 kHz. If multiple CSI reports are configured with multiple SCSs, the chance for high SCS to get available CPU at the time of checking unoccupied CPU may be less than that for low SCS. For instance, when all of CPUs are occupied for several symbol duration (in unit of symbol duration for 120 kHz) by CSI report processing for 120 kHz SCS, CSI report for 960 kHz SCS may not occupy CPUs for a long time (in unit of symbol duration for 960 kHz) although the required CPU processing time for 960 kHz SCS is relatively very short. Conversely, CPU available check for 120 kHz SCS may be dropped if all of CPUs are occupied by CSI processing for 960 kHz. In this case, the next CPU availability check for 120 kHz SCS should be postponed until its own symbol boundary even if CPUs are no longer occupied by 960 kHz SCS. This is an inefficient management for limited CPU resources and seems to need improvement. 
To address these inefficient scenarios for checking CPU availability, potential enhancement for CPU management may be needed for the case of multiple numerologies across multiple BWPs. One simple solution for that is use of reference SCS for all CPU availability check regardless of actual SCS. Reference SCS can be the lower SCS than the configured SCS, especially when high SCS is configured for UE. Similarly, it can be considered that symbol-group can be used as a time unit for CPU availability check. For example, by using 8 symbol duration for 960 kHz as a time unit for CPU check, the use of the common time unit for CPU check is possible for both 960 kHz and 120 kHz SCSs. In addition, giving priority for CPU occupancy according to the CSI report type and associated SCS can be considered to address these situations. 

Proposal #10: Consider CSI processing timeline enhancements for better availability for CPUs for multiple CSI reports associated with different numerologies. 



6. Conclusions
In this contribution, maximum bandwidth for 480 kHz and 960 kHz SCSs, multi-PDSCH/PUSCH scheduling, reference signals including PT-RS, and time line related aspects adapted to each of 480 kHz and 960 kHz SCSs, to support NR in high frequency range (FR-X) from 52.6 GHz to 71 GHz were discussed.  The derived proposals and observations are as follows,

Proposal #1: For 480 kHz SCS and 960 kHz SCS, 1.6 GHz and 2.16 GHz are supported as maximum bandwidth, respectively. 

Proposal #2: Consider Rel-16 multi-PUSCH scheduling DCI as starting point, with the following further discussion points.
· Whether/how to provide more flexibility for time domain resource allocation, e.g., non-contiguous PUSCHs in time domain
· How to apply URLLC related fields such as priority indicator or open loop power control parameter set indication for multiple scheduled PUSCHs
Whether/how to indicate different transmission beams for multiple scheduled PUSCHs

Proposal #3: Do not introduce new DCI format and use DCI format 1_1 to schedule multiple PDSCHs with a single DCI.

Proposal #4: For multi-PDSCH scheduling with a single DCI,
· Time domain resource assignment (TDRA): TDRA table is extended such that each row indicates up to 8 multiple PDSCHs. Each PDSCH has a separate SLIV and mapping type. The number of scheduled PDSCHs is signalled by the number of indicated valid SLIVs in the row of the TDRA table signalled in DCI. 
· FFS on whether/how to provide more flexibility for time domain resource allocation, e.g., non-contiguous PDSCHs in time domain
· NDI and RV: For 1-TB case, separate indication per PDSCH, but 1 bit RV per PDSCH if multiple PDSCHs are scheduled
· FFS for 2-TB case
· HARQ process number: HARQ process ID is incremented by 1 (staring from the HARQ ID value indicated in DCI) for subsequent PDSCHs in the scheduled order (with modulo operation, if needed).
· CBGTI: CBGTI field is not present when more than one PDSCHs are scheduled, but present when a single PDSCH is scheduled.
· FFS on the following fields
· Rate matching indicator
· ZP-CSI-RS trigger
· TCI
· CBGFI
· Priority indicator

Proposal #5: For a DCI scheduling multiple PDSCHs, a single PUCCH resource is indicated by PUCCH resource indicator and corresponding multiple HARQ-ACK bits are multiplexed on the indicated single PUCCH, where HARQ-ACK feedback timing is determined by applying PDSCH-to-HARQ_feedback timing indicator from the last scheduled PDSCH.

Proposal #6: It should be discussed how to construct type-1 (i.e., semi-static) HARQ-ACK codebook, in term of including/generating HARQ-ACK bits corresponding to multiple SLIVs over multiple slots configured in a row index of TDRA table.

Proposal #7: For (enhanced) type-2 HARQ-ACK codebook,
· Introduce independent sub-codebooks where one is for single PDSCH scheduling case and the other is for multi-PDSCH scheduling case
· Perform C-DAI and T-DAI counting per DCI and per each sub-codebook
· Include individual UL DAI for each sub-codebook in UL grant
· FFS: If CBG is configured

Observation #1: ICI compensation is required at least for 120 kHz SCS to reduce the performance degradation at high MCS.

Observation #2: The performance gap between the absence of phase noise (PN) and the PN compensation is still observed (about 1 dB at 10% PDSCH BLER) for all SCSs, where phase noise compensation is performed with the least-square (de-ICI filtering) or CPE only compensation.

Proposal #8: PT-RS enhancements can be further considered for all SCSs and high MCS (e.g., 64QAM). 

Proposal #9: Consider additional UE PDSCH processing procedure time (i.e., N1 symbols) when UE is required to perform both of CPE and ICI compensation, e.g., for 120 kHz SCS and 64 QAM. 

Proposal #10: Consider CSI processing timeline enhancements for better availability for CPUs for multiple CSI reports associated with different numerologies. 
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Appendix
[bookmark: _Ref48248479][bookmark: _Ref48248471]Table 1: Evaluation assumptions
	Assumptions
	Value

	Carrier Frequency [GHz]
	60 GHz

	Subcarrier Spacing [kHz]
	PDSCH - {120, 480, 960} kHz

	Bandwidth [MHz]
	PDSCH - {400} MHz

	Number of RBs
	For 400 MHz: 256 (120 kHz), 64 (480 kHz), 32 (960 kHz),

	Channel Model
	TDL model as defined in of TR38.901 Section 7.7.2:
- TDL-A (5ns, 10ns, 20ns DS) 

	Antenna Configuration 
	1x2 

	Mobility
	3 km/hr

	gNB TRP PN Model
	3GPP TR38.803 example 2 BS PN profile

	UE PN Model
	3GPP TR38.803 example 2 UE PN profile

	Channel Estimation
	Realistic channel estimation

	Transmission Rank
	Rank 1

	DMRS Configuration
	1 DMRS symbol (front loaded)
Note: no data multiplexing is assumed in DMRS symbols

	PTRS Configuration
	K = 4, L = 1

	MCS/TBS
	MCS 22 (64QAM)
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