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Introduction
In RAN #90e, a Rel-17 work item for NR operation in a frequency regime between 52.6GHz and 71GHz has been approved [1]. As a part of the work item, the study on the PDSCH/PUSCH potential enhancements with new agreed numerologies, i.e., 120kHz, 480kHz and 960kHz. Throughout the study item [2], it was clear that some PTRS enhancements are needed to facilitate ICI compensation for the phase noise impact, while DMRS enhancements are need for larger SCSs, 480kHz and 960kHz, with channels with high frequency selectivity. Additionally, it was agreed to support the enhancements needed for multi-PDSCH/PUSCH scheduling and HARQ support with a single DCI. 
In this contribution, we continue to discuss some key aspects of waveform design and present our views on some potential issues for the high frequency regime supported by link-level evaluation based on the evaluation methodology and assumptions for the link-level simulation were discussed in RAN1 #101-e [5] and further refined in RAN1 #102-e [6]. Additionally, we provide high level proposals for the different aspects of the reference signals and PDSCH/PUSCH for the high frequency regime.
Discussion
[bookmark: _Ref47425244]Link-level performance evaluation
This section provides link-level evaluation results as per the agreements on the simulation methodology and assumptions in RAN1 #101-e and RAN #102-e. Some of the key parameter settings for the link-level evaluation are listed in Table 1, yet the complete set of parameters are available in [5], [6]. Any optional features and parameters captured in [5], [6], unless separately stated in Table 1, are not applied for the link-level evaluation.
[bookmark: _Ref47394695]Table 1: Link-level simulation parameters
	Parameters
	Values

	Carrier frequency
	60 GHz

	Bandwidth
	400MHz

	Antenna config (CDL)
	Config 1
	(Mg,Ng,M,N,P) = (1,1,8,16,2) @gNB
(Mg,Ng,M,N,P)=(1,1,4,4,2) @UE

	Doppler
	167Hz (3km/h at 60GHz)

	Channel Model and pre-beamforming DS
	TDL-A with 5ns/10ns/20ns delay spread
CDL-B with 20ns/50ns delay spread

	Phase noise mask
	3GPP TR 38.803, example 2 (BS and UE)

	SCS
	120/480/960KHz

	CP config
	Normal CP

	PDSCH/PUSCH symbol index
	(S=2, L=12)

	PDSCH/PUSCH waveform
	CP-OFDM for PDSCH
DFT-s-OFDM for PUSCH

	Number of allocated RBs
	400MHz BW: 256/64/32 (for 120/480/960kHz SCS, respectively)
2GHz BW: 160 (for 960kHz SCS)

	DMRS symbol index
	2 (front-loaded) for 1 DMRS 

	PTRS
	PDSCH: (K=4, L=1)

	MCS
	MCS Table 1 (TS 38.214)



PDSCH/PUSCH Enhancements
[bookmark: _Ref53310329]PTRS design and phase noise compensation
Phase noise (PN) has been regarded as a source of nonideality during FR2 waveform and signal/channel design. For the high frequency regime between 52.6GHz and 71GHz, however, the impact of phase noise would be exacerbated, and further investigation is required in relation to the study on the candidate numerologies of the high frequency regime. The time varying PN induces both common phase error (CPE) and inter-carrier interference (ICI) in the frequency domain. Although the CPE compensation is quite straightforward, the ICI compensation may need a special PTRS pattern and a more involved algorithm. In this regard, in RAN1 #103-e, it was agreed to study any potential modification of the existing PTRS design/configuration, as well as the ICI compensation methods, to aid performance improvement for CP-OFDM and DFT-s-OFDM waveforms.
[bookmark: Capability_observation]It is widely believed and actually proven by link-level evaluation in [4] that a higher SCS is more robust to PN when the CPE compensation is applied. In particular, since the impact of ICI is more pronounced with low SCSs, non-negligible performance degradation is observed with 120kHz SCS for high MCSs with 64QAM modulation. However, in RAN1 #102-e, it was also pointed out by several companies that, with a proper PTRS pattern design and an ICI compensation algorithm, the performance losses at low SCSs and high MCSs can largely be recovered. 
For the ICI compensation algorithm, we consider the two algorithms proposed in [7], i.e., direct de-ICI filtering (Algorithm 1) and ICI filter approximation approaches (Algorithm 2). For a new candidate PTRS design, we consider a block PTRS pattern, where the PTRS tones are mapped to one or more equal-size clusters of contiguous REs that are evenly distributed in the allocated PDSCH. As the baseline, we also consider the legacy Rel-15 PTRS pattern. Note that Algorithm 1 can be applied for both the block and legacy PTRS patterns, while Algorithm 2 can only be used with the block PTRS pattern.
For 120kHz SCS and TDL-A with 5ns DS, the PDSCH (256 RBs) BLER performances for different PTRS patterns and ICI compensation algorithms are evaluated. For the block PTRS pattern, three different clustering schemes (9, 7, and 1 clusters) with similar overheads to the legacy PTRS pattern with K=4 are assumed in Figure 1, Figure 2, and Figure 3, respectively. From the results, the following observation is made in general:
[bookmark: _Ref53431212][bookmark: PTRS_observation1]Observation 1: With a block PTRS pattern and ICI compensation algorithm,
· The performance of block PTRS improves as the number of clusters increases, due to the higher frequency diversity.
· For the same block PTRS pattern, Algorithm 1 (direct de-ICI filtering) outperforms Algorithm 2 (ICI filter approximation).
· For the same ICI compensation algorithm, the legacy PTRS pattern outperforms the block PTRS pattern.
Based on the observation, it is concluded that a new PTRS pattern, such as block PTRS, is not necessary. However, it is noteworthy that the ICI compensation algorithm may require a larger number of PTRS REs than CPE-only compensation and, thus, it may not be applicable when the PTRS frequency density is low and the number of allocated RBs is small. Therefore, the PTRS enhancement for the high frequency regime may consider increasing the PTRS density when the number of allocated RBs is small. 
[bookmark: PTRS_proposal]Proposal 1: As PTRS enhancement for assisting ICI compensation, increasing the frequency domain PTRS density for small RB allocation can be considered. New PTRS patterns other than the Rel-15 design, such as the block PTRS patterns, are not necessary.
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[bookmark: _Ref53426335]Figure 1: ICI compensation: block PTRS with (9 clusters, 7 tones per cluster) vs. legacy PTRS with K=4
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[bookmark: _Ref53426944]Figure 2: ICI compensation: block PTRS with (7 clusters, 9 tones per cluster) vs. legacy PTRS with K=4
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[bookmark: _Ref53426946]Figure 3: ICI compensation: block PTRS with (1 cluster, 64 tones per cluster) vs. legacy PTRS with K=4
Based on Observation, we focus on Algorithm 1 with the legacy PTRS pattern for further analysis. In Figure 4, the BLER performances are compared for the various PTRS density K and number of de-ICI filter taps. It is assumed that the transport block size is calculated with  and does not change with the PTRS density. On the contrary, in Figure 5, the transport block size is adjusted so that the effective code rate remains constant regardless of the PTRS density.
From the results in Figure 4 and Figure 5, the following observation is made:
[bookmark: PTRS_observation2]Observation 2: For ICI compensation (direct de-ICI filtering) with the legacy PTRS pattern,
· The performance improves with the increasing number of de-ICI filter taps (3 to 5 taps).
· With a fixed transport block size, the performance improves as the PTRS overhead decreases.
· The performance loss due to increased effective code rate is more pronounced at higher MCSs.
· With a fixed effective code rate, the performance slightly improves as the PTRS overhead increases.
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[bookmark: _Ref53431098]Figure 4: ICI compensation with Algorithm 1 and legacy PTRS pattern: fixed TBS
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[bookmark: _Ref53515552]Figure 5: ICI compensation with Algorithm 1 and legacy PTRS pattern: fixed TBS vs. fixed effective code rate

To assess the gain of ICI compensation, the performances with CPE-only and ICI compensation are compared in Figure 6, and the following is observed.
[bookmark: PTRS_observation3]Observation 3: When ICI compensation is applied to 120kHz SCS,
· At MCSs 22 and 24, 120kHz SCS with ICI compensation performs almost equal to 960kHz SCS with CPE-only compensation.
· At MCS 26, 120kHz SCS with ICI compensation suffers from residual ICI and is outperformed by 960kHz SCS with CPE-only compensation.
Therefore, accounting for all the observed gains of ICI compensation, the necessity of the large SCS, such as 960kHz, is not compromised, at least for applications requiring a very high throughput and large channel bandwidth.
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[bookmark: _Ref53522440]Figure 6: CPE vs. ICI compensation: TDL-A with DS 5ns

As observed from the above evaluations, SCS 120kHz needs ICI compensation for the phase noise to achieve a comparable performance with SCS 960kHz for high MCSs, e.g., 64QAM. Since Algorithm 1 (direct de-ICI filtering) requires matrix multiplication and matrix inversion operations to calculate the filter coefficients, these algorithms might be computationally expensive for some UEs with current NR timeline for SCS 120kHz. In addition, the RF module at the UE is expected to be the main source of the phase noise, which will determine whether the ICI compensation is need or not, and if needed, how many filter taps are required. 

Proposal 2: For SCS 120kHz, supporting the MCSs that require ICI compensation should be based on the UE capabilities. 

DMRS enhancements
For a given channel, the frequency-domain channel correlation between adjacent REs declines as the SCS increases. With the existing DMRS patterns (i.e., PDSCH/PUSCH DMRS configuration type 1 or 2 in Rel-15), the enhanced frequency selectivity by a large SCS may result in poor channel estimation performance, particularly when the channel delay spread is large. 
In Figure 7 (b), a new candidate DMRS pattern is illustrated. In comparison with existing DMRS patterns, (a) config type 1 and (c) config type 2, the new DMRS pattern is featured by high frequency density (i.e., every RE) and 2-FD-OCC across adjacent REs. In Figure 8, the PDSCH performances of the three DMRS patterns with 960kHz SCS are compared for TDL-A channels with DS 20ns and 40ns, respectively. In Table 2, the CINR values in dB, which achieves 10% and 1% PDSCH iBLER, are summarized. 
Observation 4: For channels with larger DS, the main reason of performance degradation with the larger SCS is the loss of orthogonality, and the gain from increasing the frequency density of the DMRS tones is limited, i.e., the performances of Config.1 with no CDMing and the new configuration with no CDMing are very close to each other. 

	

	

	


	(a)
	(b)
	(c)

	[bookmark: _Ref53687050]Figure 7: 1-symbol front-loaded DMRS patterns: (a) Rel-15 config type 1, (b) new configuration for high SCSs, (c) Rel-15 config type 2
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[bookmark: _Ref53687056]Figure 8: New DMRS pattern: TDL-A with DS 20ns, 960kHz SCS, PTRS (K=4, L=1), 1 DMRS symbol


[bookmark: _Ref53692287]Table 2: CINR in dB achieving PDSCH iBLER of 10% ∕ 1%: 960kHz SCS, PTRS (K=4, L=1), 1 DMRS symbol
	MCS
	Channel
	Every other RE 
(config type 1)
	Every RE (new pattern)
	DMRS config type 2

	
	
	CDM
	No CDM
	CDM
	No CDM
	CDM
	No CDM

	22
	TDL-A, 20ns
	13.4/15.0
	12.5/14.0
	13.1/14.9
	12.7/14.6
	16.5/19.7
	−/−

	24
	TDL-A, 20ns
	16.4/18.6
	15.3/17.0
	15.8/17.8
	15.4/17.2
	26.6/−
	−/−

	26
	TDL-A, 20ns
	20.5/23.7
	18.5/20.4
	18.9/21.6
	18.7/20.9
	−/−
	−/−


[bookmark: DMRS_proposal]
It should be noted that when the DMRS tones are sent over every other RE, Configuration type 1, the DMRS tones are power boosted by 3dB compared with the new pattern where the DMRS tones are sent over every RE. As mentioned above, the main cause of the performance loss for NLOS channels with large DS is the despreading step at the receiver due to the loss of orthogonality. To avoid this, gNB can assign the UE with port(s) from different CDM groups and the remaining ports from each CDM group should not be assigned for other UEs. Such information should be signaled to the UE via DCI to avoid the despreading step. For DM-RS configuration type 1, with rank 2 transmission, if the UE is scheduled with ports 0 and 2, i.e., index 11 in Table 7.3.1.2.2-1 for one codeword and Table 7.3.1.2.2-2 for two codewords of Clause 7.3.1.2 of [8, TS 38.212], the UE may assume that all the remaining orthogonal antenna ports are not associated with transmission of PDSCH to another UE. Therefore, we need to signal to the UE, with rank 1 transmission, when it can assume that the remaining ports from the same CDM group, of its assigned DMRS port, are not used by another UE. Such signaling can be dependent on the channel conditions and the operating MCS, i.e., for low MCS values, such as QPSK and 16QAM modulations, the performance is less sensitive to channel estimation errors.
Proposal 3: For DMRS enhancement for high SCSs, while communicating over channel with large DS, for rank 1, a single port should be used from one CDM group and the remaining ports from the same group should not be assigned to other UEs. This information should be signaled to the UE via the scheduling DCI. 
For multi-PDSCH/PUSCH single grant, with larger SCS, it is beneficial to consider some DMRS enhancements for the time domain patterns. Since, the symbol length is shorter, the transmitter should be able to coherently transmit DMRS symbols over multiple slots, i.e., the transmitter should maintain phase continuity across DMRS symbols in different slots, especially for the cases where there is no gap between the data allocations. This will enable the receiver to jointly process the DMRS symbols, and achieve better channel estimation performance, which is also known as DMRS bundling. 
Proposal 4: Study DMRS bundling for multi-PDSCH/PUSCH transmission, at least for the case when there is no gap between transmissions.
On top of this, another enhancement is possible via reducing the DMRS overhead by skipping the DMRS transmissions for some of the granted PDSCH/PUSCH allocations, when the remaining DMRS symbols in the bundle are sufficient to achieve the required channel estimation performance. This will lead to some gains in the overall throughput from the saved overhead. With a smaller number of DMRS symbols, it may be beneficial to introduce new reference signals to track and estimate the bursty interference. The new signals can be used for interference covariance () estimation to enhance the demodulation performance, with less overhead compared with the saved DMRS overhead. 
Proposal 5: Study DMRS overhead reduction for multi-PDSCH/PUSCH transmission, at least for the case when there is no gap between transmissions.

Single TB over multiple slots
With larger SCS, such as 960kHz, a single TB can span more than one slot, without suffering from severe channel variations due to the shorter symbol length. This will help in reducing the feedback overhead and saving HARQ process IDs. In addition, it can help in achieving higher throughput by saving the DMRS overhead compared with sending the data over separate PDSCHs each with its own dedicated DMRS symbols. For the sake of performance comparison, we consider transmitting a single TB over 4 consecutive slots with SCS 960kHz. We simulated different cases: 1) one DMRS symbol, symbol 2, 2) two DMRS symbols, 2 and 15, 2 and 29, 2 and 43, 3) four DMRS symbol, symbols 2, 15, 29, 43, i.e., the first data symbol from each slot is a DMRS symbol. To have a larger TB size, we allow the total number of REs allocated for PDSCH to exceed 156. In particular, we used , instead of , while calculating the TB size. Figs. 9 and 10 show the BLER and the throughput performances for PDSCH allocation spans 54 symbols (2-55), with different numbers of DMRS symbols.
Observation 5: By allowing a single TB to span more than one slot, the throughput gains are evident from the reduction of the DMRS overhead, and the BLER performance is almost the same independent from the number of DMRS symbols with v=3Kmph, even for high MCS, such as 22 and 26 (64QAM). 

[image: ] [image: ]
Figure 9: Single TB over four slots: CDL-B with DS 20ns, 960kHz SCS, PTRS (K=4, L=1) MCS 22
[image: ] [image: ]fox 
Figure 10: Single TB over four slots: CDL-B with DS 20ns, 960kHz SCS, PTRS (K=4, L=1) MCS 26
[bookmark: _Hlk61524418][bookmark: _Hlk61524440]Another way of allowing larger TB size over multiple slot, is by TB scaling. The total number of REs for PDSCH/PUSCH allocation could be still determined by , while the intermediate information bits  is computed as where  is a scale factor taking values greater than or equal to 1,  is the coding rate, is the modulation order and  is the number of layers. The scaling factor should be determined based on the number of PDSCH/PUSCH symbols. 
Proposal 6: For larger SCSs, allow a single TB to span more than one slot. 
Proposal 7: For a single TB that spans more than one slot, study increasing the TB size based on the total number of granted symbols.

Multi-PDSCH/PUSCH with single grant
In Rel.16 NR-U, multi-PUSCH grant feature was introduced for control overhead saving, i.e., one UL grant can schedule multiple continuous PUSCH transmissions. For Rel. 17, we aim leverage the multi-PUSCH design for multi-grant PDSCH to reduce the control overhead, specially, with the shorter symbol length for larger SCS such as 960kHz. On top of that some enhancements should be considered for multi-PDSCH grant. 
The design of multi-PDSCH scheduling with single DCI can leverage Rel.16 multi-PUSCH grant as much as possible, such as the following
· The HARQ process ID of the first scheduled PDSCH can be explicitly included in the DCI, while the remaining PDSCHs use incremental HARQ process ID
· NDI for each HARQ process is explicitly included
· RVID is compressed to one bit for each HARQ process 
· The same DCI format schedules multi-PDSCH and single PDSCH transmissions, distinguished by different TDRA indication
· Supports CBG based retransmission when single PDSCH is scheduled by reinterpreting bits for CBGTI/CBGFI  

Proposal 8: For multi-PDSCH grant, reuse the multi-PUSCH design on HARQ process ID, NDI, RVID, TDRA, CBG based retransmission
In case of back-to-back PDSCH/PUSCH transmissions, having gaps, one symbol or more, between the different data transmissions could be beneficial. These gaps can be utilized for several purposes, e.g., PDCCH monitoring, beam switching, PUCCH transmission.
Proposal 9: Support multi-PDSCH/PUSCH scheduling with single grant while allow TDRA configuration with discontinuous SLIV fields
For multi-PDSCH grant, we need to further determine the reference slot for HARQ A/N feedback. Similar to slot aggregation of PDSCH, we can use the last PDSCH as the reference slot for K1 indication in DL grant.
Proposal 10: For HARQ timing indication K1, uses the last PDSCH granted in the multi-PDSCH grant as reference slot.
[bookmark: _GoBack]For multi-PDSCH grant, we need to define new way to indicate DAI, to avoid the misalignment of the dynamic feedback codebooks between the UE and gNB in the case of misdetection of one of the multi-PDSCH grants. Assume a single carrier operation, and suppose gNB sent two multi-PDSCH grants, the first one grants 3 PDSCHs and the second one grants 2 PDSCHs. With the legacy NR rule of updating the DAI, suppose the first grant has cDAI=0 and tDAI=0, then the second grant will have cDAI=1 and tDAI=1. If the UE missed the first grant and correctly detects the second one, it will send only one NACK corresponding to the multi-PDSCH grant that carried 3 PDSCHs. This will lead to different codebook sizes at gNB and UE. To avoid this issue, the DAI calculations must take into account the number of granted PDSCHs by the multi-PDSCH grants. This can be done by introducing virtual DCIs corresponding to each of the multi-PDSCH grants. Back to the previous example, if the UE successfully detects for the first grant, it will assume that there are two additional virtual DCIs, with cDAI=1, tDAI=1 and cDAI=2, tDAI=2, respectively. Similarly, gNB will update the DAI counter assuming the existence of the two virtual DCIs and will transmit the second grant with cDAI=3, tDAI=3. Now, if the UE misses the first grant and correctly detects the second one, it will send 3 NACKs corresponding to the first grant, and the codebook sizes at gNB and UE will be the same. The proposed solution is illustrated in Fig. 11. In addition, the size of DAI field should be revisited. 



  
Figure 11: Proposal 11: Introducing virtual DCIs for multi-PDSCH grant

Proposal 11: For each DCI that grants multi-PDSCH retransmission, a number of virtual DCIs, equal to the number of granted PDSCHs – 1, should be assumed by the UE and used to update its observation of the DAI. Similarly, gNB will assume the existence of these virtual DCIs while calculating the DAI of the next DCI transmission, i.e., gNB decides the DAI value based on the total number of the previously granted PDSCHs. 
Proposal 12: Studying increasing the size of DAI field. 
Conclusion
 Observation 1: With a block PTRS pattern and ICI compensation algorithm,
· The performance of block PTRS improves as the number of clusters increases, due to the higher frequency diversity.
· For the same block PTRS pattern, Algorithm 1 (direct de-ICI filtering) outperforms Algorithm 2 (ICI filter approximation).
· For the same ICI compensation algorithm, the legacy PTRS pattern outperforms the block PTRS pattern.
Observation 2: For ICI compensation (direct de-ICI filtering) with the legacy PTRS pattern,
· The performance improves with the increasing number of de-ICI filter taps (3 to 5 taps).
· With a fixed transport block size, the performance improves as the PTRS overhead decreases.
· The performance loss due to increased effective code rate is more pronounced at higher MCSs.
· With a fixed effective code rate, the performance slightly improves as the PTRS overhead increases.
Observation 3: When ICI compensation is applied to 120kHz SCS,
· At MCSs 22 and 24, 120kHz SCS with ICI compensation performs almost equal to 960kHz SCS with CPE-only compensation.
· At MCS 26, 120kHz SCS with ICI compensation suffers from residual ICI and is outperformed by 960kHz SCS with CPE-only compensation.
Observation 4: For channels with larger DS, the main reason of performance degradation of the larger SCS is the loss of orthogonality, and the gain from increasing the frequency density of the DMRS tones is limited, i.e., the performance of Config.1 with no CDMing and the new configuration with no CDMing is very close to each other. 
Observation 5: By allowing a single TB to span more than one slot, the throughput gains are evident from the reduction from the DMRS overhead, and the BLER performance is almost the same independent from the number of DMRS symbols with v=3Kmph, even for high MCS, such as 22 and 26 (64QAM). 
Proposal 1: As PTRS enhancement for assisting ICI compensation, increasing the frequency domain PTRS density for small RB allocation can be considered. New PTRS patterns other than the Rel-15 design, such as the block PTRS pattern is not necessary.
Proposal 2: For SCS 120kHz, supporting the MCSs that require ICI compensation should be based on the UE capabilities. 
Proposal 3: For DMRS enhancement for high SCSs, while communicating over channel with large DS, a single port should be used from one CDM group and the remaining ports from the same group should not be used by other UEs. This information should be signaled to the UE via the scheduling DCI. 
Proposal 4: Study DMRS bundling for multi-PDSCH/PUSCH transmission, at least for the case when there is no gap between transmissions
Proposal 5: Study DMRS overhead reduction for multi-PDSCH/PUSCH transmission, at least for the case when there is no gap between transmissions
Proposal 6: For larger SCSs, allow a single TB to span more than one slot. 
Proposal 7: For a single TB that spans more than one slot, study increasing the TB size based on the total number of granted symbols.
Proposal 8: For multi-PDSCH grant, reuse the multi-PUSCH design on HARQ process ID, NDI, RVID, TDRA, CBG based retransmission
Proposal 9: Support multi-PDSCH/PUSCH scheduling with single grant while allow TDRA configuration with discontinuous SLIV fields
Proposal 10: For HARQ timing indication K1, uses the last PDSCH granted in the multi-PDSCH grant as reference slot.
Proposal 11: For each DCI that grants multi-PDSCH retransmission, a number of virtual DCIs, equal to the number of granted PDSCHs – 1, should be assumed by the UE and used to update its observation of the DAI. Similarly, gNB will assume the existence of these virtual DCIs while calculating the DAI of the next DCI transmission, i.e., gNB decides the DAI value based on the total number of the previously granted PDSCHs.
Proposal 12: Studying increasing the size of DAI field. 
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