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[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 #102-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.
It is widely believed and actually proven by link-level evaluation in Section 2.2 of [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. In this section, we perform a similar analysis and study the PTRS pattern and ICI compensation algorithm.
For the ICI compensation algorithm, in [7] we consider the two algorithms proposed in [6], i.e., direct de-ICI filtering (Algorithm 1) and ICI filter approximation approaches (Algorithm 2). We assume the example 2 PN mask from 3GPP TR 38.803 for BS and UE. 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 [7]. 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 pattern is 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 1, 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.

[image: ][image: ][image: ]
[bookmark: _Ref53431098]Figure 4: ICI compensation with Algorithm 1 and legacy PTRS pattern: fixed TBS

[image: ][image: ][image: ]
[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]Observation3: 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

 Text Proposal
******** begin changes TR 38.808  v1.0.0 ********************
[bookmark: _Toc56754119][bookmark: _Toc57035424][bookmark: _Toc57036040][bookmark: _Toc57038155][bookmark: _Toc57038280][bookmark: _Toc57038824]4.2.6	UE aspects
4.2.6.X Phase tracking reference signal
Regarding 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 are not necessary.
[bookmark: _Toc56754120][bookmark: _Toc57035425][bookmark: _Toc57036041][bookmark: _Toc57038156][bookmark: _Toc57038281][bookmark: _Toc57038825]4.2.7	RAN4 conclusions on numerologies and channel bandwidths
******* end changes *************************************
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