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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
For supporting NR operation in both licensed and unlicensed bands in the frequency beyond 52.6 GHz, FR2 numerologies and additional numerologies beyond that are supported currently in NR were studied and concluded by [1], based on which a working item (WI) has been approved with the aim to extending NR up to 71 GHz by 3GPP TSG RAN Meeting #90 [2]. As a part of the objectives of the WI, the following aspects were included:

· [bookmark: _Hlk26996217]In addition to 120kHz 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. 
Note: Except for timing line related aspects, a common design framework shall be adopted for 480kHz to 960kHz
· Time line related aspects adapted to 480kHz and 960kHz, e.g., BWP and beam switching timing, 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
· 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 PT-RS enhancement for 120kHz SCS, 480kHz SCS and/or 960kHz SCS, as well as DMRS enhancement for 480kHz SCS and/or 960kHz SCS.

In the contribution, we discuss aspects including DMRS enhancement and PT-RS enhancement for PDSCH, DMRS time-domain reallocation for multi-PDSCH, and HARQ-ACK feedback aspect for multi-PDSCH. 

RS Enhancement for single-PDSCH
DMRS Enhancement
During the RAN1#104-e meeting, several agreements were made on enhancement of the PDSCH/PUSCH [3], of which the ones related to DMRS design discussed in this contribution are listed below. 
	Agreement:
· From RAN1 perspective, for NR operation in 52.6 GHz to 71 GHz, at least the following options on minimum channel bandwidth are identified. 
· for 120 kHz SCS
· Option 1-1: 100 MHz
· Option 1-2: 200 MHz
· Option 1-3: 400 MHz
· for 480 kHz SCS
· Option 2-1: 200 MHz
· Option 2-2: 400 MHz
· for 960 kHz SCS
· Option 3-1: 400 MHz
· Option 3-2: 800 MHz
· Option 3-3: same value as the maximum channel bandwidth for 960 kHz SCS
· Further study in RAN1 the above options’ implications on RAN1 design and specification
· Send LS to RAN4 to inform about RAN1’s identified options of minimum channel bandwidth and ask RAN4 to decide and feedback the minimum channel bandwidth.

Agreement:
· Existing DMRS patterns are supported for NR operation in 52.6 to 71 GHz with 120 kHz SCS.
· At least existing DMRS patterns are supported for NR operation in 52.6 to 71 GHz with 480 kHz and/or 960 kHz SCS
· Further study on whether to introduce different DMRS pattern with increased frequency domain density (in number of subcarriers) than the existing DMRS patterns for NR operation in 52.6 to 71 GHz with 480 kHz and/or 960 kHz SCS
· Further study on whether and how to restrict DMRS port configuration (e.g., the number of DMRS ports) as in FR2 for NR operation in 52.6 to 71 GHz with 480 kHz and/or 960 kHz SCS




As we have pointed out in our previous contribution [7], the interpolation-based channel estimation (CE) method is expected to be acceptable for estimating low frequency-selective channels. However, with larger SCSs such as 480kHz/960kHz, due to the wider bandwidth, the number of DMRS symbols within the coherence bandwidth of the channel is significantly decreased when the delay spread (DS) is relatively large (30ns/15ns for 480kHz/960kHz as considered in this section). Thus, it is necessary to investigate the possible performance loss in these cases and to come up with alternate estimation procedures. 
Besides the above observation on CE and DS for beyond 52.6GHz, there are also inherent interplays between CE and inter-carrier interference (ICI), including aspects such as: ICI can lead to CE accuracy degradation for reduction of SNR; ICI is changing symbol-wise, which may lead to phase incoherence between DMRS pilots, and better CE in terms of MSE may be useful for BLER gain, depending on ICI cancellation technique applied and potentially how the phase incoherence is amended by certain scheme, as will be discussed later. 
Observation 1: The inherent interplays between CE and PN-induced ICI for beyond 52.6GHz worth in-depth further studies.  
DMRS Staggering 
One approach to improve CE accuracy by improving FD interpolation is to stagger the 2nd DMRS pilot symbol on a resource grid to occupy the even subcarriers as shown by Figure 1, as the 1st DMRS pilot symbol occupies the odd subcarriers, such that the estimates from the two symbols can be combined. This approach is different from using only one, but a full-tone block-DMRS symbol, because the latter would need extra an extra PT-RS symbol to fill the voided 2nd DMRS symbol for ICI cancellation purpose. Per the meeting’s requirement on revealing the details of the ICI cancellation, several elements are concluded:
1) ICI cancellation is symbol-wise, where LS-based FD convolutional filter is estimated for each symbol;
2) The legacy implementation that PT-RS occupies symbols without DMRS is followed;
3) ICI filter is estimated by using DMRS for symbols without PT-RS, i.e., DMRS serves both CE and ICI cancellation purposes;
4) The same number of comb-type pilots with the PT-RS symbols are taken from the DMRS symbol for ICI cancellation purpose and using more/all DMRS pilots for cancellation offer very trivial gain but results in the complexity/power increase. 
Observation 2: For beyond 52.6GHz with the standard-compliant implementation, symbol-wise ICI cancellation is needed for efficient PN cancellation as observed in prior meetings. On symbols without PT-RS, DMRS is utilized for PN cancellation purpose. 
Proposal 1: For PN cancellation on symbols without PT-RS, the same number of DMRS tones with the number of PT-RS tones on each symbol is recommended. Using the full DMRS or more tones than the PT-RS symbol tones for the cancellation does not provide non-trivial gain. 
  
[image: ]
Figure 1. A sample resource grid with staggering the 2nd DMRS symbol to occupy the even REs. 

Dual-purpose PT-RS 
A second approach is based on the idea to use PT-RS for CE purpose, i.e., each of the two reference signals serve dual purposes. The advantage of PT-RS over DMRS is that, typically, PT-RS occupies more symbols than DMRS, such that they can capture phase change information that the DMRS symbols cannot provide. This is particularly useful for the beyond 52.6GHz link, where the PN is higher than the lower bands, such that PT-RS symbols are always enabled. Further, high PN may introduce phase incoherence to the symbol-wise channel estimates inside a slot. 
However, the legacy PT-RS pattern does not cover a major portion of REs, such that they can only capture localized in frequency channel information if used for CE. A design option is to stagger each PT-RS symbol with different offsets to cover as many REs as possible. For the considered case with 2DMRS, we stagger 1 more RE towards the bottom of the resource grid for each of the first half of PT-RS symbols, and stagger 1 more RE towards the top of resource grid for each of the second half of PT-RS symbols, as shown in the sample resource grid in Figure 2. 

[image: ]
Figure 2. A sample resource grid with dual-purpose PT-RS with a new staggering pattern. 

The BLER and MSE comparisons among the Rel15/16 legacy CE, CE with DMRS staggering, and CE with dual-purpose PT-RS for the larger SCS with larger DS combination are included in Figure 3  to Figure 6. It is seen that for both the 960kHz SCS and 480kHz SCS cases, the CE with proposed  dual-purpose PT-RS leads to the best BLER performance and best MSE. The CE with DMRS staggering has a better MSE than the legacy CE, while it does not always translate into BLER gains. 

[image: ]
Figure 3. BLER comparison between the legacy and proposal CE schemes under 960kHz SCS, 15ns DS. 

[image: ]
Figure 4. MSE comparison between the legacy and proposal CE schemes under 960kHz SCS, 15ns DS.

[image: ]
Figure 5. BLER comparison between the legacy and proposal CE schemes under 480kHz SCS, 30ns DS. 
[image: ]
Figure 6. MSE comparison between the legacy and proposal CE schemes under 480kHz SCS, 30ns DS. 

Observation 3: The CE with dual-purpose PT-RS outperforms legacy CE and CE with DMRS staggering under the larger SCSs with larger DSs for both MSE and BLER. 
Proposal 2: Consider using PT-RS for both the purpose of ICI cancellation and CE when necessary; consider introducing different staggering levels for different PT-RS symbols to cover as many REs as possible. 
PT-RS Enhancement
Several agreements were also made on enhancement of the PT-RS of PDSCH/PUSCH [3], as are listed below. 
	Agreement:
· At least existing PT-RS design for CP-OFDM is supported for NR operation in 52.6 to 71 GHz.
· Companies are encouraged to study the need of potential PT-RS enhancement for CP-OFDM with respect to phase noise compensation performance considering at least the following aspects:
· PT-RS density/pattern (e.g. distributed, block-based) and sequence (e.g. cyclic sequence)
· Frequency domain power boosting and its impact to PDSCH performance and PDSCH to DMRS EPRE
· Receiver complexity, including possible aspects related to supporting both existing PT-RS design and potential PT-RS enhancement
· Possible specification impact of supporting potential PT-RS enhancement in addition to existing PT-RS design
· Note: PT-RS overhead should be accounted for in the evaluations, e.g. by showing spectral efficiency results and/or reporting effective coding rate
· Note: the decision to support potential enhanced PT-RS design in addition to existing PT-RS design will be made based on performance benefit, receiver complexity and specification effort aspects of enhanced PT-RS design together and not purely on the considerations of the specification effort caused by supporting potential enhanced PT-RS design in addition to existing PT-RS design.

Agreement:
Proposal 5-1a in R1-2102072 is agreed with the following modification:
· In the row for PT-RS configuration, change the text to “Companies are asked to report details of PN compensation method(s) with corresponding receiver complexity and details of PT-RS enhancement (including any modifications to sequences) for CP-OFDM if evaluated. For example, for block-based PT-RS enhancement, the number of PT-RS blocks per OFDM symbol, the number of PT-RS REs per block, and the placement of PT-RS blocks in each OFDM symbol are required to be provided if evaluated”.



During the RAN1#104-e meeting, mainly three types of PT-RS patterns were considered in companies’ contributions, including the legacy comb-PT-RS, block-PT-RS, and cluster-PT-RS (equivalently multi-block PT-RS). In general, the legacy comb-PT-RS performs fine for most of the cases considered by companies, although techniques such as power boosting was not significantly discussed. Besides, we believe that a more thorough understanding of the interplay between PT-RS patterns, ICI incurrence, and ICI cancel should be considered for PT-RS enhancement. 
There are both benefit and deflects with the legacy comb-PT-RS. On the one hand, the comb-PT-RS provides a pattern that is scattered over frequency-domain, such that it captures relatively global information across frequency, which is good for ICI estimation/cancellation. However, each of the tones of the comb-PT-RS has data subcarriers as neighbors, such that if power-boosting is applied, more ICI on the adjacent data carrier is expected.  
Observation 4: Comb-PT-RS is more scattered over frequency-domain, thus may capture better global information for ICI estimation/cancellation; comb-PT-RS has more ICI on adjacent data subcarriers, thus has low opportunity to enjoy the benefit from power-boosting.

2.2.1 Legacy comb-PT-RSPT-RS with power-boosting
The BLER performance by uniform power-boosting to the legacy comb-PT-RSPT-RS is first shown with SCS 120kHz. Different from SCS 480kHz and 960kHz, the 120kHz SCS suffers from more ICI, although is more robust to frequency-selectivity due to increased CP. Therefore, it would not be a surprise if PT-RSPT-RS enhancement would provide more benefits for the relatively lower SCS, while DMRS enhancement would provide more benefits for larger SCSs. By Figure 7, it is observed that power boosting the legacy PT-RSPT-RS by 3dB can lead to marginal gains on several SNR points, while power boosting by 7dB even causes unacceptable performance degradation. Other power boosting values had also been tested though not shown, and the 3dB boosting option was selected after comparison. 

[image: ]
Figure 7. BLER of comb-PT-RS with no boosting, 3dB, and 7dB boosting under SCS 120kHz. 

2.2.2 Block-PT-RS with power-boosting
The BLER performance with uniform power-boosting to the block-PT-RS under SCS 120kHz is shown by Figure 8. It is seen that unlike the comb-PT-RS, power-boosting with 3dB or 7dB can introduce 1dB+ gain across the working SNR range. The reason is that the extra power does not introduce too much ICI on neighboring data subcarrier at the Tx, and increases the ICI cancellation accuracy at the Rx. Power-boosting the block-PT-RS with a 10dB gain will result in unacceptable performance degradation. The downside of block-PT-RS in comparison to comb-PT-RS is that it only captures rather local information across frequency domain. 
Observation 5: Block-PT-RS is the least scattered pattern over frequency-domain, thus captures rather local information over frequency; Block-PT-RS has less neighboring data subcarriers, thus lower ICI on data, and in turn higher opportunity to benefit from power-boosting.
Proposal 3: If block-PT-RS is used for beyond 52.6GHz, power-boosting is a recommended technique to improve ICI cancellation. 

[image: ]
Figure 8. BLER of block-PT-RS with no boosting, 3dB, and 7dB boosting under SCS 120kHz. 

2.2.3 Clustered-PT-RS with power-boosting
An alternative option to the comb-PT-RS and block-PT-RS is  cluster-PT-RS, where tones on each PT-RS symbols are separated into M groups/clusters. The benefit of cluster-PT-RS is that it could achieve a good tradeoff between frequency scattering and level of ICI imposed on adjacent data subcarriers. As is shown in Figure 9, the cluster-PT-RS benefits from 3dB power-boosting, and does not lose as much as comb-PT-RS if power-boosting is increased to 7dB .  

[image: ]
Figure 9. BLER of cluster-PT-RS with no boosting, 3dB, and 7dB boosting under SCS 120kHz. 

Observation 6: Cluster-PT-RS is a pattern that can achieve a tradeoff between the scattering over frequency-domain and the level of ICI imposed on data subcarriers.


2.2.4 Clustered-PT-RS with selective power boosting
The power-boosting used in previous subsections 2.2.1 - 2.2.3 is uniform, i.e., all the PT-RS tones are provided with equal extra power. However, we note the followings:
· Providing extra power for every tone can be power consuming;
· The PT-RS tones near the middle of a cluster has less interference with data subcarriers than the edge tones;
· The PT-RS tones are relatively more robust to ICI from neighbors than data subcarriers since lower-order modulation such as QPSK is typically used for PT-RS. 
We define the selective power-boosting as the power-boosting procedure where the inner (central) subcarriers of a clustered-PT-RS  have higher power than the edge subcarrier of that clustered-PT-RS.
The window as shown in Figure 10 for both power-saving and performance enhancement reasons is selected and recommended, after trying a couple more windows. The performance comparisons between different PT-RS patterns with the power-saving boosting are included by Figure 11 and Figure 12. 
  
[image: ]
Figure 10. The power-saving boosting window. 

[image: ] 
Figure 11. BLER of different PT-RS patterns with good boosting level vs spike window boosting. 

[image: ]
Figure 12. BLER of different PT-RS patterns with no boosting vs spike window boosting. 

Observation 7:  Cluster-PT-RS with non-uniform selective boosting window can improve performance while limit excessive power usage. 

Enhancement for multi-PDSCH/PUSCH
The following agreement was made on enhancement multi-PDSCH/PUSCH [3], as are listed below. 
	Agreement:
· For a UE and for a serving cell, scheduling multiple PDSCHs by single DL DCI and scheduling multiple PUSCHs by single UL DCI are supported.
· Each PDSCH or PUSCH has individual/separate TB(s) and each PDSCH/PUSCH is confined within a slot.
· FFS: The maximum number of PDSCHs or PUSCHs that can be scheduled with a single DCI
· FFS: Whether multiple PDSCH scheduling applies to 120 kHz in addition to 480 and 960 kHz
· At least for 120 kHz SCS, single-slot scheduling with slot-based monitoring will still be supported as specified in Rel-15/Rel-16
· The followings will not be considered in this WI.
· Single DCI to schedule both PDSCH(s) and PUSCH(s)
· Single DCI to schedule one or multiple TBs where any single TB can be mapped over multiple slots, where mapping is not by repetition
· Single DCI to schedule N TBs (N>1) where a TB can be repeated over multiple slots (or mini-slots)
· Note: This does not imply that existing slot aggregation and/or repetition for PDSCH and PUSCH by single DCI is precluded for the serving cell.

Agreement:
For generating type-2 HARQ-ACK codebook corresponding to DCI that can schedule multiple PDSCHs, the following alternatives can be considered to DAI counting and will be down-selected in RAN1#104bis-e.
· Alt 1: C-DAI/T-DAI is counted per DCI.
· Alt 2: C-DAI/T-DAI is counted per PDSCH.
· Alt 3: C-DAI/T-DAI is counted per M scheduled PDSCH(s), where M is configurable (e.g., 1, 2, 4, …).
· FFS: Codebook generation details
· FFS: How to signal DAI values (e.g., increase of DAI bits for Alt 2 and Alt 3)
· FFS: Whether to apply time domain bundling of HARQ-ACK feedback




In this section, we provide our views/designs on two relevant aspects to the multi-PDSCH enhancement, one on HARQ-ACK feedback for multi-PDSCH and another on DMRS reallocation for multi-PDSCH. 
HARQ-ACK feedback for multi-PDSCH
During the last meeting, companies had considered a few ways of dynamic HARQ-ACK codebook design, including bundling to reduce the number of feedback bits. While in case the number of scheduled PDSCHs by a DCI is smaller than the number of bundles, the corresponding HARQ feedback bits in the codebook will be set to NACK. Also, the codebook corresponding to multiple DAIs with ACK/NACK information of the corresponding PDSCHs is carried by a single PUCCH, which may degrade the detection error performance of PUCCH if the payload is much larger than the single-PDSCH case. We thus consider the tradeoff between efficiency and reliability of HARQ feedback by a more deterministic scheduling:
· [bookmark: _Hlk67224240]For each DAI value, the number of PDSCHs scheduled by the DCI is unchanged if SCS is fixed, e.g., 4 for 480kHz SCS and 8 for 960kHz SCS;
· Bundling is supported for the multi-PDSCH and the bundling size is kept a fixed value for each DAI value, e.g., 2 for 480kHz SCS and 4 for 960kHz SCS in order to avoid excessive size of HARQ codebook payload;
· Due to increased feedback HARQ-ACK bits associated multi-PDSCH, support multi-PUCCH or PUCCH repetition to maintain coverage. The number of PUCCH occasions is no less than 1 and small than the DAI value carried in the most recent scheduling DCI. 
[image: ]
Figure 13. HARQ feedback with multiple PUCCH occasions.

Observation 8:  The dynamic HARQ-ACK codebook design proposed during RAN1#104e can be simplified to achieve a tradeoff between efficiency and reliability, e.g., by fixing the size of multi-PDSCH corresponding to SCS and fixing the bundling size for multi-PDSCH. To improve detection performance of a codebook with increased payload, multi-PUCCH may be considered instead of single PUCCH for multi-PDSCH.   

DMRS Reallocation for multi-PDSCH/PUSCH 
The slot duration associated with the higher SCSs, especially 960kHz SCS, is much shorter than that of the lower SCSs, and therefore less channel variation across multiple slots is expected. In the meantime, for a SCS 960kHz multi-PDSCH as shown in Figure 14, finer granularity is available such that the DMRS symbols can be jointly reallocated across different symbols on multiple slots. Figure 15 shows the BLER gain of the proposed DMRS reallocation over the legacy allocation for one case with delay spread 10ns.   
[image: ]
Figure 14. Legacy DMRS patterns for the 120kHz SCS slot, the 960kHz SCS multi-slot, and proposed DMRS pattern for the 960kHz SCS multi-slot. 

 [image: ]
Figure 15. BLER of multi-PDSCH with legacy DMRS vs DMRS reallocation under 960kHz SCS. 

Observation 9:  Channel differences between consecutive slots of multi-PDSCH/PUSCH under higher SCS are typically smaller than that of the lower SCSs, such that one may take advantage of a non-uniform DMRS allocation to improve the CE accuracy. 
Proposal 4: Consider non-uniform DMRS reallocation in the time-domain to improve CE for multi-PDSCH/PUSCH. 

Conclusion
DMRS/PT-RS enhancement techniques are investigated for single PDSCH, and a DMRS enhancement technique is presented for multi-PDSCH. HARQ-ACK feedback for multi-PDSCH is briefly discussed. 
Observation 1: The inherent interplays between CE and PN-induced ICI for beyond 52.6GHz worth in-depth further studies.  
Observation 2: For beyond 52.6GHz with the standard-compliant implementation, symbol-wise ICI cancellation is needed for efficient PN cancellation as observed in prior meetings. On symbols without PT-RS, DMRS is utilized for PN cancellation purpose. 
Observation 3: The CE with dual-purpose PT-RS outperforms legacy CE and CE with DMRS staggering under the larger SCSs with larger DSs for both MSE and BLER. 
Observation 4: Comb-PT-RS is more scattered over frequency-domain, thus may capture better global information for ICI estimation/cancellation; comb-PT-RS has more ICI on adjacent data subcarriers, thus has low opportunity to enjoy the benefit from power-boosting.
Observation 5: Block-PT-RS is the least scattered pattern over frequency-domain, thus captures rather local information over frequency; Block-PT-RS has less neighboring data subcarriers, thus lower ICI on data, and in turn higher opportunity to benefit from power-boosting.
Observation 6: Cluster-PT-RS is a pattern that can achieve a tradeoff between the scattering over frequency-domain and the level of ICI imposed on data subcarriers.
Observation 7:  Cluster-PT-RS with non-uniform selective boosting window can improve performance while limit excessive power usage. 
Observation 8: The dynamic HARQ-ACK codebook design proposed during RAN1#104e can be simplified to achieve a tradeoff between efficiency and reliability, e.g. by fixing the size of multi-PDSCH corresponding to SCS and fixing the bundling size for multi-PDSCH. To improve detection performance of a codebook with increased payload, multi-PUCCH may be considered instead of single PUCCH for multi-PDSCH.   
Observation 9:  Channel differences between consecutive slots of multi-PDSCH/PUSCH under higher SCS are typically smaller than that of the lower SCSs, such that one may take advantage of a non-uniform DMRS allocation to improve the CE accuracy. 
Proposal 1: For PN cancellation on symbols without PT-RS, the same number of DMRS tones with the number of PT-RS tones on each symbol is recommended. Using the full DMRS or more tones than the PT-RS symbol tones for the cancellation does not provide non-trivial gain.   
Proposal 2: Consider using PT-RS for both the purpose of ICI cancellation and CE when necessary; consider introducing different staggering levels for different PT-RS symbols to cover as many REs as possible. 
Proposal 3: If block-PT-RS is used for beyond 52.6GHz, power-boosting is a recommended technique to improve ICI cancellation. 
Proposal 4: Consider non-uniform DMRS reallocation in the time-domain to improve CE for multi-PDSCH/PUSCH. 
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