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1. Introduction
In this contribution, we provide link level evaluation results on PT-RS for NR above 52.6 GHz. For supporting NR operation in both licensed and unlicensed band in the frequency range from 52.6 GHz to 71 GHz [1], FR2 numerologies and additional numerologies beyond that supported currently in NR are studied. As it was shown in numerous contributions, the key performance-limiting factor on the new band is a phase noise which leads to the significant ICI. Different techniques were proposed and investigated, and acceptable ICI compensation level were shown both for baseline and newly proposed PTRS designs. 
Present contribution gives a simulation results summary for large set of phase-noise compensation related parameters, and major observations from these simulation results. 
2. Discussion
Phase noise compensation techniques
Phase noise, which acts as a multiplicative unity amplitude noise in the time domain, may be represented as a circular convolution of the useful signal and some phase noise realization in the frequency domain. This phase noise realization have some symmetric properties and quickly decays from the center subcarrier [2], repeating the form of the phase noise PSD curve [3]. Thus, the basic approach to the phase-noise ICI compensation consists of the de-convolution of the received signal by the filtering with the Wiener filter which is basically complex conjugate to the phase noise realization in FD. Due to properties of this PN realization, the size of the filter can be quite small, 3-5-7 taps, since further increase do not provide additional gains. Case of single tap filter corresponds to just removing the common phase error (CPE), without ICI compensation. 
Different techniques and PTRS structures were proposed for estimation of the de-convolution filter coefficient [4][5][6].  However, it was shown that simplest approach of the direct estimation of the filter coefficient, which is suitable for current Rel-15 distributed PTRS structures, seems to be near-optimal solution. Various techniques for estimation of the phase noise realization itself require continuous PTRS allocation, but do not provide notable improvement over the basic direct ICI compensation filter estimation approach applied to the distributed Rel-15 PTRSs [7].  So, in our study we have focused on the direct ICI compensation filter estimation, using the LS approach, which have reasonable complexity even for the case of larger de-ICI filters size.
From the theoretical analysis and simulation, we can define two major factors that affect PN compensation performance: the size of the filter and accuracy of its coefficient estimation.
Basically, for the case of large number of available PTRS REs, the accuracy of the coefficient estimation is high, and we may increase the filter size for better compensation of the ICI, mitigating the phase noise from more neighboring subcarriers.
Another case realized for the limited-BW scenarios, in the cases where number of PTRS REs is low. In this case, large number of coefficient cannot be appropriately estimated and we may have performance degradation for the inappropriate filter size. In some extreme cases, even smallest 3-tap filter cannot be reliably estimated, and simple CPE algorithm outperforms compensation techniques.
To illustrate these theoretical conclusions, we have simulated various combinations of the SCS, PTRS density parameter K and filter sizes. 
Proposed Nulling PTRS scheme
The key idea of different contiguous allocation schemes is isolation of the subcarriers used for PN estimation from the parasitic ICI influence from the unknown data subcarriers. However, such clustering may not be desirable in the frequency selective channels and this effect limits contiguous scheme’s performance. In the proposed Nulling scheme, we try to keep robustness and scalability of distributed allocations and have some PTRSs isolated from the unknown data influence by nulling adjacent subcarriers. For proper and fair comparison of the baseline Rel-15, the total number of allocated REs should be kept the same. For example, for 256 RBs allocation, with K = 4, for Rel-15 we should have 64 PTRS REs, and for Nulling scheme we will have 21 active and 43 nulled, distributed through PDSCH allocation. Active PTRS subcarriers get appropriate power boost, to have total power the same as baseline case.

.
Figure 1 Nulling PTRS allocation
Simulation assumptions
It is well known that phase noise mainly limits the usage of the higher MCS sets, with higher order modulations and coding rates. These MCS values generally have higher spectral efficiency but also more sensitive to the PN impact. It was shown that for MCS 22 the phase noise compensation algorithms may provide reliable reception without the noise floor, so it is interesting to simulate MCS 28 in addition to MCS 22, for which, as it was shown, the phase noise compensation shows good results.  At the same time present approach of the zero PTRS overhead assumption may not be applicable for the higher MCS with the higher base coding rate, since that assumption leads to the too large increase of the effective coding rate and performance degradation. Thus, for MCS 22 curves, we kept the basic assumption of zero overhead (i.e., =0), while for MCS 28 more realistic overhead of 6 REs per PRB (i.e., =6) was used for all curves. 
The basic simulation assumptions are summarized in Table 1.
Table 1 Simulation assumptions
	Assumptions
	Value

	Carrier Frequency [GHz]
	60 GHz

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

	Bandwidth [MHz]
	PDSCH - {400, 800} MHz

	Number of RB
	For 400 MHz BW: 256 (120 kHz), 64 (480 kHz), 32 (960 kHz),
For 800 MHz BW: 128 (480 kHz), 64 (960 kHz),
Additionally 6 and 12 RBs for all SCS

	Channel Model
	TDL model as defined in of TR38.901 Section 7.7.2: TDL-A 10ns 

	Antenna Configuration 
	 2x2

	Mobility
	3 km/h

	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: Least squares fit per precoding region

	Transmission Rank
	Rank 1, SVD-based for 2x2 per 2 RBs

	DMRS Configuration
	1 DMRS symbol, no data multiplexing is assumed in DMRS symbols

	PTRS Configuration
	K = 2,4; L = 1

	MCS/TBS
	MCS 22, = 0
MCS 28, = 6 REs



3. Simulation results
Summary of the presented curves:
· No phase noise: received signal is affected only by AWGN
· CPE: Common Phase Error compensation on the base of PTRSs.
· LS with N taps: direct de-ICI filtering with N-taps filter, with coefficients estimated with the least-squares approach from Rel-15 distributed PTRSs.
· Ideal N-taps: direct de-ICI filtering with N-taps filter, with ideally known coefficients
· Nulling: PTRS allocations scheme with 1 side subcarrier of each PTRS set (3 REs) to zero.

400 MHz BW
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Figure 2 SCS 120 kHz, MCS 22 and MCS 28
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Figure 3 SCS 480 kHz, MCS 22 and MCS 28
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Figure 4 SCS 960 kHz, MCS 22 and MCS 28
Observations
· With basic Rel-15 PTRS structure and appropriate PTRS density (for 400 MHz BW K=4 seems to be optimal), MCS 22 is feasible for all considered SCS options, and MCS 28 is feasible for SCS 480 and 960 kHz
· For 400 MHz BW, SCS 120 kHz provides sufficient number of PTRSs, and filter size can be increased up to 7 taps, with simultaneous performance improvement
· For 400 MHz BW, SCS 480 and 960 kHz provides insufficient number of PTRSs, and for SCS 960 even 3-tap filter cannot be estimated appropriately, so simple CPE may outperform ICI compensation algorithms
· For all considered SCS values, the difference between ideal cases (no PN or ideal filter estimation) and simple LS ICI compensation based on Rel-15 PTRSs with appropriately selected PTRS density and filter size is observed within 1 dB. This means that any further improvement, either by advanced estimation algorithms (MMSE, for example) or by enhanced PTRS structures will be within this 1 dB, and most likely, much less.
· As an example, proposed Nulling PTRS design scheme provides stable, but not very large improvement in comparison with Rel-15 design, but in case of higher MCSs and may provide improvement up to 0.2-0.3dB

Small-size allocations (6 and 12 RBs)
As it was seen, for the case of insufficient number of PTRSs which is typical for small-size allocations and large SCSs, the estimation accuracy is not enough for proper estimation of the ICI compensation filter taps. Logical solution here may be in the increase of PTRS density and thus number of PTRSs for estimation. Further simulation results show the analysis of the potential enhancement of K parameter set to 1 in additional to 2 and 4.
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Figure 5 Small allocations case, SCS 120 kHz
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Figure 6 Small allocations case, SCS 480 kHz
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Figure 7 Small allocations case, SCS 960 kHz
Observations
· It can be seen that for small-size allocation, increasing PTRS density from allocating every 2nd RB (K=2) to allocation of every RB (K=1) leads to the significant improvement in the ICI compensation efficiency
· However, in this case CPE algorithm outperforms LS ICI compensation, and for CPE increasing the density does not provide BLER improvement, due to significant overhead increase.
· Thus, for extra small allocations, current PTRS density options (K=2,4) are optimal.

Large allocations (800 and 1200 MHz)
An opposite case of the large number of available PTRS resources, realized by allocating large BW transmissions should also be considered. In this case, performance may be increased either with filter size increase, or with PTRS overhead decrease. Large BW allocations are specific to the large SCS values 480 and 960 kHz. For this SCS, the phase noise bandwidth is comparable with subcarrier spacing and thus, increasing of filter size may have minor improvement on the performance. On the other hand PTRS density decrease with larger values of K may be beneficial.
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Figure 8 Large allocations case, SCS 480 kHz, BW 800 and 1200 MHz
Observations
· For 800 MHz, SCS 480 (128 RB total), BLER performance curves are similar for K = 4 and K =6, but with further increase of the allocation size, K=6 becomes more efficient due to reduced overhead

4. Conclusions
· For 400 MHz BW, simulations showed about 1 dB difference between optimized practical algorithms and parameters set and ideal limit cases. This poses a very strong limitation for further improvement of the phase noise compensation, either by advanced estimation algorithms or by corresponding PTRS structure improvements
· However, proposed Nulling scheme, in most cases showing pretty similar results in comparison with Rel-15, in some cases for higher MCS set may demonstrate about 0.2 dB improvement
· Simulations of the small PDSCH allocations 6 or 12 RBs) showed that in this case simple CPE algorithm usually performs better than ICI compensation. PTRS density increase (K = 1) does not provide additional benefits and thus is not required
· For very large allocations such as BW 1.2 GHz, the extension of the allowed PTRS density values to 6 may improve the performance due to overhead reduction. It is recommended to extend the set of allowed PTRS density parameter values to K = 2, 4, 6
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a) Distributed pilots (Rel-15) b) Distributed pilots with nulling
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